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Chapter 1 
Introduction to Thesis 
This thesis is an investigation into the nature of aerodynamic noise emitted by 
wind turbines blades as they rotate. The main aims of this work were as follows: 
to give an account of theoretical and experimental work on aerodynamic noise 
emission from aerofoils, 
to examine experimental data from a variety of different wind turbines and 
extract from these comparisons information about the influence of different blade 
design parameters on noise emission, 
to use the information gleaned from the above to write a noise prediction 
program which can be used for any design of horizontal-axis wind turbine 
running under any reasonable conditions, 
to compare the predictions with noise data from operational turbines. 
The first three chapters of this thesis are intended to provide background 
information, concerning the development of wind farms, the noise regulations 
with which they must comply, and the theory of aerodynamic noise emission. 
The following four chapters describe my own work, both on noise data analysis 
and on the development of the noise prediction program. 
The layout of this thesis is as follows: 
1. In this chapter, the three principal designs of horizontal axis wind turbine are 
described. A short section attempts to put the issue of wind power in context, 
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explaining some of the reasons for its current growth, particularly in Europe. An 
index of mathematical terms used throughout the thesis is given. 
Chapter 2 consists of a discussion of the importance of wind turbine noise with 
regard to obtaining planning permission, and the standard noise measurement 
procedures recommended by various national and international bodies. The 
environmental impacts of both aerodynamic and mechanical noise are considered 
and a brief description of the causes and silencing of mechanical noise given. 
In Chapter 3 the physical basis of aerodynamic noise is described, paying 
attention to the different noise generation mechanisms and their sensitivity to 
various parameters (air speed, angle of attack, etc.). An account of theoretical 
and practical work on aerofoil noise since the 1950's follows. Both full scale and 
model size experiments are included. Any modification to the rotor design has 
implications for noise, fatigue, cost and power generation, and in order to 
demonstrate this point a precis of the principles of rotor design has been 
included. A qualitative comparison of noise emission from stall regulated, tip 
controlled and full span pitch controlled turbines is also given. 
Chapter 4 contains an account of new measurements of noise from three different 
designs of wind turbine, ranging in power from 75 kW to 750 kW. The results of 
these experiments are then used, together with other data, drawn from general 
literature, in chapter 5. 
Chapter 5 consists of a critical comparison of experimental data from a variety of 
machines to investigate the dependence of noise emission on tip speed and tip 
angle of attack. The conclusions drawn are contrasted with the dependences 
predicted by theoreticians. 
Chapter 6 describes the development of an aerodynamic noise prediction 
program which can be used for any design of horizontal axis wind turbine under 
any wind conditions or rotor speed. Predictions are compared with experimental 
data and also with another aerodynamic noise prediction code developed by the 
Institute for Sound and Vibration Research in 1987. 
Chapter 1. Introduction to Thesis 
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Chapter 7 contains new experimental results aimed intended to clarify the results 
of chapter 5, notably the effect of altering the pitch schedule on noise emission. 
In Chapter 8 conclusions of the above work are drawn and recommendations for 
further investigations made. 
1.1 Designs of Wind Turbine 
A brief and simplified account of how a wind turbine works is as follows. Further 
detail is given in [1] and [2]. There are two principal designs of wind turbine: 
horizontal-axis (HAWT) and vertical-axis (VAWT), see Figure 1-1. Owing to the 
expense entailed in their construction, vertical-axis wind turbines have been 
superseded by horizontal-axis turbines, and virtually all European wind farms 
consist of HAWT's only, although there are some VAWT wind farms in the USA. 
This thesis is exclusively concerned with HAWT's, and the noise prediction 
program developed for chapter 6 is applicable to them only. However, the basic 
principles of sound generation from an aerofoil apply equally to each kind of 
wind turbine. 






A wind turbine rotor typically consists to two or three blades, although some 
prototype one bladed machines have also been developed. The blades are aerofoil 
in cross section, and may be made of glass-reinforced polyester (GRP), 
wood-epoxy, or, less often, steel. See Figure 1-2. Experimental work is currently 
in progress to develop carbon-fibre blades, which would have the advantage of 
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being light, and therefore causing less fatigue than conventional blades, the 
relative merits of each material are summarised in Table 1-1, which is taken 
from Brown 13k with some additions. 
There has been much discussion concerning the choice of aerofoil; and it 
may be necessary to balance high lift against gentle stall characteristics, in order 
to minimise the susceptibility to gusts. For further discussion on the choice of 
aerofoil, see Garrad [4]. 
The aerofoil shaped blades are aligned so that the leading edge points 
approximately in the direction of rotation (give or take a few degrees, depending 
on the design chosen and the operating conditions). As the wind increases, the 
aerofoil develops lift, a component of which is in the direction of rotation. 
Within a limited range, the greater the wind, the greater the torque developed. 
Typically the blades rotate at 20-80 rpm, and so a gearbox is required between 
the blade rotor shaft and the generator rotor shaft, which rotates at a speed of 
1000-1500 rpm. 
1.1.2 Gearbox 
Gearboxes used for wind turbines may have one, two or three stages, and may be 
epicyclic, or planetary. Helical spur gears are often preferred over straight spur 
gears, as they provide a smoother action. See Figure 1-3, which is taken from 
reference [5]. 
1.1.3 Generator 
One common form of generator is the squirrel cage induction generator. In this 
case, the rotor and stator windings each produce a magnetic flux. When these 
flux fields rotate at the same speed, no current is generated. As the wind 
increases, the rotor tries to run faster. The two flux fields slip relative to one 
another, and a third magnetic flux arises in the air gap between the rotor and 
stator (see Figure 1-4). As the conducting bars attached to the rotor cut this 
flux, an e.m.f. which opposes the change in the rate of flux cut is induced in 
accordance with Lenz's law. This e.m.f. induces a current in the conducting 
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Table 1-1: COMPARISON OF MATERIALS USED FOR BLADE MANUFACTURE 
Wood-Epoxy Glass-Reinforced Polyester Steel 
High Tooling Costs High Tooling Costs Low Tooling Costs 
Relatively Undeveloped 
Technology  
Established Technology Established technology 
Lack of information 
on long-term properties 
Some gaps in knowledge 
of long-term properties 
Established long-term 
properties 
light light heavy, and may therefore 
cause fatigue problems 
low stiffness low stiffness high stiffness 
no corrosion but UV light 
and moisture problems 
no corrosion but UV light 
and moisture problems 
internal and external 
linings required 
possible to form complex 
shapes 
possible to form complex 
shapes 
difficult to form 
complex shapes 
less TV interference less TV interference TV interference 
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bars. Ignoring losses, the electrical power developed is the product of the e.m.f. 
and the current. Within limits, the electrical power developed is proportional to 
the speed difference between the rotor and stator. Synchronous generators work 
on a similar principle; in this case, the stator magnetic field rotates at the 
frequency of the grid (50 Hz in Europe). The rotor is up to 30 degrees out of 
phase, and a magnetic flux between the two results as before. The rotor speed 
must be held within 1% of the required value. 
1.1.4 Tower 
The tower may be of lattice or tubular type. Tubular towers allow easy access to 
the nacelle for maintenance, and are more aesthetically acceptable, while lattice 
towers are light and comparatively cheap but do not allow access to the nacelle. 
In general, lattice towers are restricted to small machines. A tubular tower may 
be made of sections, partly to assist transport, and partly to minimise 
structure-borne vibrations. The exact construction of the tower depends on the 
required stiffness. See Armstrong [6]. 
1.1.5 Power Control 
The principles of HAWT operation are described thoroughly in [ 1]. For any 
wind turbine, there is potential for the power to exceed generator capacity in 
high winds. There are three distinct strategies for power control, namely stall 
regulation, pitch control (both full and partial span) and variable speed. These 
will be described in more detail in chapter 3, but a few sentences are appropriate 
here. 
The lift of an aerofoil is a function of the air velocity relative to the blade, 
the aerofoil chord, and the angle of attack, that is, the angle between the net air 
velocity and the aerofoil chord. See Figure 1-5. For a wind turbine, the net air 
velocity experienced by the blade is the vector sum of the rotational velocity and 
the wind speed. The angle of attack is approximately proportional to the wind 
speed. Below about 12 degrees, the lift is directly proportional to the angle of 
attack, bitV above this, the aerofoil stalls, and an increase in the angle of attack 
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provides little or no increase in the lift. It follows that the generator can be 
protected from high torques either by reducing the angle of attack (which is the 
principle of pitch control) or by ensuring that the angle of attack is above the 
stall angle (which is the principle of stall regulation). 
In the case of the full-span pitch regulated machine, the whole blade is 
pitched slightly to diminish the angle of attack. This requires complex hydraulic 
control systems and accurate measurements of the pitch angle. The stall 
regulated machine is simpler mechanically, as the blades can not move. Instead, 
the blades are twisted so as to stall in moderate to high winds. Generally, the 
energy capture of pitch controlled turbines is higher than tat of stall regulated 
machines, and so this mechanism, despite its cost, is more common for medium 
to large turbines (above 200 kW), while stall control is generally used for small 
turbines (less than 150 kW). However, some manufacturers are extending the use 
of stall regulation to medium sized wind turbines, for example, the Danish 
company Bonus now manufactures a stall regulated 450 kW turbine. 
Tip regulation is another option, and lies between pitch and stall control. 
The inboard section is fixed, like that of a stall regulated machine, while the tip 
section is able to pitch. Some of the advantages of tip control are described in 
Anderson [ -4 1 . 
 
The variable speed turbine is intended to operate at maximum efficiency 
over a range of wind speeds. This is achieved by maintaining a constant wind 
speed to rotor speed ratio, up to a limit determined by the rating of the 
generator. Variable speed turbines have advantages in terms of low noise and 
sensitivity to turbulence, but are more complicated and expensive to construct 
than either stall or pitch controlled turbines. 
Figure 6.1 Darrieus vertical axis wind turbine 
Figure 1-1: DIAGRAM SHOWING left A VERTICAL-AXIS WIND TURBINE 
(VAWT) AND right A HORIZONTAL-AXIS TURBINE (HAWT) 
S 





Welded steel spar 
C R P aerodynamic lairing 
Figure 1-2: BLADE CONSTRUCTION (a) Wood-Epoxy, (b) GB!', (c) Steel 
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Figure 1-3: TYPES OF GEAR 	 (a) Single Helical Spur and 
(b) Double Helical Spur 
1) 
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Figure 1-4: SQUIRREL CAGE GENERATOR; A SCHEMATIC DIAGRAM OF THE 
MAGNETIC FLUX BETWEEN THE ROTOR AND STATOR 
W= r&lc ' 
rfl 
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Figure 1-5: DIAGRAM OF AN AEROFOIL, SHOWING CHORD, ANGLE OF 
ATTACK ANT) TJTFT 
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1.2 Wind Turbines and Conventional Power 
Stations 
Wind turbines have been welcomed by environmental groups in many countries, 
as they provide electricity from a renewable source, without causing pollution. 
Conventional coal-burning power stations are implicated in two major 
environmental problems: acid rain and global warming. These problems are not 
caused exclusively by coal-burning power stations, but their impact is 
considerable. The effects of acid rain are well documented, [81 and include 
reduced trees growth, discolouration and premature loss of leaves, damage to tree 
roots, release of toxic aluminium ions from bedrock which subsequently presents 
a hazard to both soil and lakes, and rapid weathering of buildings. It is now 
accepted that the major (though not the only) causes of acid rain are 502 and 
N0 and that these pollutants can travel over 1000 km before being deposited as 
acid rain [9]. Table 1-2 gives the emissions in Megatonnes of two major 
pollutants implicated in rain acidification, 503 and NO from various different 
sources. See Boehmer-Christiansen [8]. 
From the above figures, it is clear that power stations are responsible for the 
majority of 502 emission in both Germany and the UK, and between 25 and 30 
% of the NO emission. In both countries, transport is the major N0 emitter. 
• 	Global warming is an altogether more complicated question, partly because 
of the difficulty in obtaining data (some of the most reliable data are collected by 
satellites) and partly because of the complexity of the feedback mechanisms 
which control the atmosphere, some of which are believed to enhance global 
warming, while others suppress it. However, the Intergovernmental Panel on 
Climate Change (IPCC), which comprises 300 leading climate scientists, 
estimates a 1 deg C rise by 2025, and a 3 .deg rise by 2100 even if CO2 emissions 
are stabilised at present levels. See [10]. The main Greenhouse gases are believed 
to be CO2, CFC's, HFC's, HCFC's, Methane and P12 0. Of these, the IPCC [10] 
estimates that CO2  is responsible for about 55% of global warming, while CFC's 
and related chemicals account for 24 % of global warming. CO3  arises principally 
I 
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Table 1-2: SOURCES OF 502 AND NO,, IN MTONNES PER YEAR IN THE 
FEDERAL REPUBLIC OF GERMANY (1986 FIGURES) AND IN THE UK (1988 
FIGURES). 
FRD (1986) UK (1988) 
502 
Power Stations 1.35 2.62 
Industry 0.53 0.71 
Household 0.14 0.15 
Service 0.10 0.11 
Transport 0.11 0.07 
Total 2.23 3.66 
Is/ox 
Power Stations 0.73 0.79 
Industry 0.29 0.33 
Household 0.09 0.07 
Service 0.05 0.06 
Transport 1.80 1.22 
Total 2.96 2.47 
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from the burning of fossil fuels, although deforestation is believed to be 
responsible for about 22% of the total concentration. The total UK CO2  annual 
production in 1990 from the burning of fossil fuels for electricity has been 
estimated as 200 million tonnes. In order to fulfill the modest targets set by the 
Rio agreements, the UK must reduce its annual CO2 emissions by 10 million 
tonnes by the end of the year 2000. 
For these reasons, the use of non-fossil fuels is strongly recommended by the 
IPCC. This could, of course, be achieved by an expansion in nuclear power. 
Whether rightly or wrongly, this is not an option which would be well-received 
by most Western countries. It is also not a cheap option; Flavin [11] and Keepin 
and Kats [12]  of the UK Department of Energy estimate that nuclear energy is 
probably the most expensive option for reducing CO2 emissions. A further study 
by Keepin and Barrett [131 suggests that, by 2005, wind energy in the UK could 
prevent as much CO2  emission as nuclear power at a quarter of the cost. The 
cheapest option is undoubtedly to improve energy efficiency at all levels, building 
more energy efficient houses, using better insulation and more efficient electrical 
equipment. Some countries, notably the USA and Sweden, have made 
considerable progress in this direction. In order to take this step, one requires 
either strong governmental assistance and tight legal requirements (as in Sweden) 
or an arrangement whereby electricity utilities are allowed increase their profits 
per unit kilowatt haur, thereby maintaining their income as demand drops. In 
addition, these utilities would save on operating costs as some plants became 
unnecessary. Nonetheless, even if stringent efficiency measures were enforced, 
large amoutits of electricity would still need to be generated. Of the renewable 
energy technologies, hydro-electricity and wind farms are the most advanced. 
The installed power of Europe's wind farms is currently (1993) just over 
1000 MW and the cumulative emissions avoided by the use of these turbines to 
date is given by NacFaire and Naghten [14] in Table 1-3. 
These figures do not include the pollution caused by the extraction and 
transport of coal or oil. Lindley [15] estimates that the wind energy currently 
installed in Europe will save the emission of about 2.5 million tonnes of CO2 in 
1993. Most EEC countries plan to expand their wind power programmes 
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Table 1-3: EMISSIONS AVOIDED BY THE USE OF WIND POWER IN EUROPE 
UP TO 1993 
Emissions 
Tonnes 
Coal Stations Oil Stations 
CO2 3532050 2089796 
502 19426 40619 
NOX 4238 2884 
Particulates 2678 706 
V.O.C. 795 795 
Slag & Ash 206036 117735 
substantially within the next decade as part of the strategy for meeting their 
obligations to reduce CO2; The Netherlands plans to install 1000 MW over this 
time, Germany plans to subsidise and monitor 250 MW of installed wind, and to 
review the findings in 1999, while Denmark intends to install a further 100 MW 
in 1993, in addition to the 520 MW already installed. In the UK, the Renewable 
Energy Advisory Group, R.EAG, has recommended that the Government support 
the construction of 1500 MW of renewables by the year 2000. 
• Large-scale wind power is best suited to countries with a large national grid, 
in which case, having the lowest fuel costs, it is a base-load supplier. Other plant 
such as gas and hydro power can respond very rapidly to increases in demand, or 
variability of the base-load supply. To give some indication of variability, it is 
estimated that the mean power variation per Gigawatt of wind energy is 
approximately 0.016 GW/hr, while the mean load variation is typically 0.6 
GW/hr, see Grubb [16]. Switching other plant on and off to compensate for 
variability is expensive; it is more economical simply to vary the output of these 
power stations. Provided these plants are not run above their maximum 
capacity, this is feasible. Grubb estimates that if wind energy were to supply 
20-30% of the demand, the extra cost in starting up other plant would be about 
5% of the fuel savings obtained by using wind power. These are theoretical 
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arguments only; wind power currently provides 2.75 % of Danish electricity 
demand, and considerably less in every other country. However, this analysis 
does suggest that the use of wind power in significant amounts would not cause 
great disruption to the grid. 
Thus the greatest obstacle to wind farm development is not the difficulty in 
assimilating wind energy into the supply system, nor the reliability of turbines 
(which are generally available for up to 98% of the time), but the public concern 
over visual intrusion and noise. For this reason, planning permission for wind 
farms is sometimes refused. Opposition may be stronger in some regions than 
others, but there have been some objections to wind farms in every EC country. 
Improvements in wind turbine design will be essential if substantial on-shore 
wind farm development is to go ahead. 
The nomenclature used in the thesis is given on the next two pages. 




1.3.1 Latin Letters 
co = speed of sound 
c = chord 
= lift coefficient 
cp = pressure coefficient 
cd = drag coefficient 
= axial force coefficient 
Dr 	Sr 
I = frequency in Hz 
F = externally applied force per unit volume 
f = fraction of chord over which the boundary layer is separated 
I = sound intensity 
k = wavenumber 2f 
= dimension of solid boundary used in Strouhal number definition 
L=lift 
V = lift per unit span 
L W = sound power level 
LW,A = A weighted sound power level 
n = outward normal from surface 
p = fluctuating pressure 
Fe = ms pressure 
Po = 2 x iO Pascals 
Q = torque or volume source depending on context 
S(r) = surface area at time r 
SFL = sound pressure level 
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SFL4 = A weighted sound pressure level 
t = time of sound detection 
Tij = 	stress tensor povivi + Pu - cipobij 
u = 	unsteady velocity 
uo = 	amplitude of oscillation 
= 	acoustic particle velocity 
= 	vortical velocity 
US = 	gust velocity 
u. = gust velocity fax from the aerofoil 
U = air velocity relative to the blade tip 
v = relative velocity 
V(r) = volume at time r 
W = free stream wind speed 
to = downwash velocity 
wi = aerofoil induced velocity when subjected to an incoming gust 
z = specific acoustic impedance of medium 
1.3.2 Greek Letters 
a = angle of attack 
-y 	= sound source term 
I' 	= circulation 
= 	unsteady potential 
= 	steady potential 
Po = 	density of fluid when undisturbed 
p = 	density of fluid when disturbed 
r = time of sound emission 
27 
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= acoustic or gust frequency in radians per second 
11 = turbine rotational frequency 
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Chapter 2 
Wind Turbine Planning Issues 
2.1 Contents of this Chapter 
The first section of this chapter defines some of the acoustic parameters which 
are pertinent to wind turbine noise measurement. A table of decibel levels from 
common noise sources is included, to allow the reader to compare the noise from 
a wind turbine with noise from familiar sources. This is followed by a brief 
description of the legal noise limits imposed upon wind turbines in Germany, 
Denmark and the Netherlands. An account of the equivalent British standards is 
given. Three recommended procedures for measuring wind turbine noise are 
described. These specify parameters such as the wind speeds and distances at 
which measurements should be made and the quality of the equipment used. A 
brief account of sound intensity measurement, a technique used by researchers 
rather than by plauning authorities, is included for completeness. The next 
section is concerned with case histories of wind farm planning permission in the 
UK. 
Since mechanical noise poses different problems to aerodynamic noise, and is 
silenced in a different way, a section entirely devoted to mechanical noise has 
been included. 
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2.2 Acoustic Parameters 
This section defines some of the acoustic parameters in general use. For further 
details see Kinsler [11. 
Sound Pressure Level (SPL) 
Sound is a longitudinal fluctuation in air pressure, and the quantity perceived by 
a microphone is the sound pressure level. Since the ear has logarithmic 
sensitivity to sound, the sound pressure level is defined as 
SFL = 10logi0()2 	 (2.1) 
TO 
where 
P = root mean square pressure in Pascals 
P0 = 2 x iO Pascals 
The units of Sound Pressure Level are decibels (dB). Sound Pressure Levels from 
some familiar noise sources are given in Table 2-1. 
Sound Intensity Level 'r 
Sound Intensity is the average acoustic energy emitted per unit time per unit 
area in a specified direction, r. The units are Watts/m 2 . 
'r = PUr 
	 (2.2) 
Where the overbar denotes a time average, and U, is the particle velocity in the 
direction r. The sum of all the sound intensity vectors in all directions is the 
sound power level. 
Sound Intensity distinguishes between the propagating and the diffuse or 
non-propagating parts of the sound field, whereas SPL is the sum of these two 
parts. A plane wave in an anechoic chamber is a purely propagating or active 
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sound field. A standing wave is a purely reactive sound field. The relation 
between sound intensity and sound pressure depends on the surroundings. A 
measured SPL gives no direct information about the power of the source, i.e. a 
noisy machine in an anechoic chamber can give rise to the same SPL at a given 
distance as a quiet machine in a room with highly reflective walls. SPL is the 
most common measurement for wind turbines, but in this case, experiments are 
always made under similar conditions, i.e. out of doors, at a standard distance 
and on a standard reflecting board, which enables the results to be compared. 
Sound Power Level (Lw) 
The Sound Power level is defined as the total acoustic energy emitted per 
second, and is also quoted in decibels. 
L. = 1Olog104) 	(2.3) 
QO 
where 
Q = total acoustic energy emitted per second in Watts 
Q  = 10_12  Watts 
A-weighting 
The ear does not perceive all frequencies of sound equally, but acts as a filter, 
muting low frequencies (less than 100 Hz) strongly, and enhancing frequencies 
between 1 and 5kHz. Frequencies above 5kHz are also attenuated. The response 
of a typical human ear is shown below, although there is clearly variation from 
individual to individual. For the purposes of planning regulations, measurements 
are usually made using a filter which mimics this response. This filter is known 
as an A-weighting filter. Other forms of filter exist, notably C Weighting which 
is appropriate when considering loud, coherent, low frequency sound. See 
Figure 2-1. Under some circumstances, Linear or unweighted sound 
measurements are made. 
The Equivalent A-Weighted Noise Level (LAeq,T) 
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If the sound fluctuates, it is often appropriate to measure an average sound 
pressure level over a certain time. 
1 pT  PA(t)2 
LAe q ,T = 10 10910 ; J 	02 dt 	 (2.4) 
A-weighted Percentile (LA,,.) 
An A-weighted percentile is defined as the sound pressure level which is exceeded 
a specified percentage of the time. For example, LA,95 is the A-weighted sound 
pressure level that is exceeded for 95 % of the time. 
Tonal Noise 
Tonal noise is a narrow band noise at a constant frequency. It can be acutely 
irritating to the listener. 
Broadband Noise 
Broadband noise is random sound over a variety of frequencies, with random 
relative phases. 
Proportional Bandwidths (octave, third octave etc) 
When measuring broadband noise, it is convenient to define standard 
bandwidths. The most common way of doing this is to use bandwidths which 
increase with increasing frequency. 
An octave band is centred on a frequency f, with its lowest frequency being 
equal to i// x ft and its highest being 	x ft. The centre frequency of the 
next octave band is 2f. 
Similarly, a third octave band is centred on frequency f, with its lowest 
frequency equal to 2 1 f0, and its highest at 2*f. The centre frequency of the 
next third octave hand is 	The standard third octave centre band 
frequencies are given in Table 2-2, starting at 40 Hz. 
If the human ear is exposed to both tonal and broadband noise, the tonal noise 
may sound somewhat masked, and therefore less offensive. 
These data were taken from Turner [2] and Kinsler [1]. 
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Figure 2-1: A AND C WEIGHTING FILTERS 
Chapter 2. Wind Turbine Planning Issues 
	
1cI 
Table 2-1: NOISE LEVELS FROM FAMILIAR SOURCES 
Source SPL (dB(A)) 
Jet Engine at 30 m 140 
Threshold of Pain 130 
Pneumatic Breaker at 1 m 120 
Rock Concert 110 
Jet flyby at 300 m 100-110 
Discomfort and long term hearing damage 100 
Heavy truck at 40 m.p.h. (64 km/h) at 15 metres 80-90 
Shouting at 1 m 80 
Heavy City Traffic at Kerbside 70 
Vacuum cleaner as heard by user 60-70 
Busy Supermarket or Restaurant 60 
Single 500 kW wind turbine at 50 metres 50-55 
Average Business Office 50 
Danish maximum SPL for a wind turbine at 400 metres 45 
Quiet Residential Area 40 
Library 30 
Wilderness area 20-30 
Inside a Quiet House at Night 20 
Threshold of Hearing for a young person 0 
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2.3 Noise Standards in Various EC Countries 
These standards specify the maximum allowable A-weighted equivalent sound 
pressure level at the nearest occupied building, where the A-weighted equivalent 
level is defined as the A-weighted mean of the sound pressure level measured 
while the turbine is operational. 
1 PA(t)2 dt 	 (2.5) LA,e q = 1010919 J P02 
The various limits for Denmark, the Netherlands, Sweden, and Germany are 
given in Table 2-3. (See [3,4,5,6,7]). 
The German limits apply to measurements made just outside the ground 
floor window of the nearest building, at a wind speed of 6 m/s. The German 
regulations also stipulate that a 3-6 dB penalty be applied if tones or pulsations 
are present and that between the hours of 6.00-7.00 and 19.00-21.00, the 
emission is required to be 6 dB below the day time rate. The Danish regulations 
come nearest to specifying a maximum allowable sound power level, as they 
insist upon a maximum sound pressure level of 45 dB (A) at a distance of 400 m 
from the turbine. If atmospheric absorption is negligible (usually the case for low 
frequencies, but not for frequencies above about 4kHz), the sound power level 
can be calculated from the sound pressure level by 
Lw,A = LA,e q  + 101ogio4ir(d2 + h2) - 6dB 	 (2.6) 
where h is the hub height, and d the distance from the observer to the 
bottom of the tower. If d is greater than about twice Ii, then the source is 
considered to radiate hemisperically, and the factor 4 in 2.6 becomes 2. The 6 d 
is only subtracted if the measurements of LA,e q  have been made on a hard 
reflecting board, as specified in lEA standards. For a windmill of height 30 
metres )  the Danish regulations mean that the maximum allowable sound power 
level is 
LW,A = 45 + 10logio27r(4002 +302 ) 	 (2.7) 
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Table 2-2: CENTRE FREQUENCIES OF STANDARD THIRD OCTAVE BANDS 
Number of 
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Table 2-3: LEGAL NOISE LIMITS IN VARIOUS EUROPEAN COUNTRIES 
Country Location Noise Limit 
Denmark Outside single dwellings in countryside 45 dB(A) 
Outside any house within a residential area 40 dB(A) 
400 in from the turbine 45 dB(A) 
The Netherlands Outside a building in a rural area, by day 40 dB(A) 
Outside a building in a rural area, by night 35 dB(A) 
Outside a building in a quiet town by day 45 dB(A) 
Outside a building in a quiet town by night 35 dB(A) 
Sweden General industrial noise level 35-40 dB(A) 
measured outside nearest house 
Germany Rural Residential Area by day 45 dB(A) 
Rural Residential Area by night 35 dB(A) 
Suburban Residential Area by day 50 dB(A) 
Suburban Residential Area by Night 35 dB(A) 
Predominantly Residential Area by Day 55 dB(A) 
Predominantly Residential Area by Night 40 dB(A) 
Commercial/Residential Area by Day 60 dB(A) 
Commercial/Residential Area by Night 45 dB(A) 
Predominantly Commercial Area by Day 65 dB(A) 
Predominantly Commercial Area by Night 50 dB(A) 
Commercial/Industrial Area by Day 70 dB(A) 
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i.e. 
LW,A = 105.1dB(A). 	 (2.8) 
The vast majority of commercial turbines available in the 1990's are well 
within this limit. However, applying the same condition to a wind farm is more 
stringent. 
2.4 British Standard 4142 7 1990 Amendment 
The British wind turbine community has welcomed this national standard, which 
has implications for assessment of noise from wind turbines. Whilst wind 
turbines are not specifically mentioned, the document does allow for tonal noise, 
irregular clattering noise (as may occur when a wind turbine yaws) and variation 
in noise (such as occurs when the machine is extracting more or less power). It 
also mentions cyclic noise, but it seems that longer periods than a typical blade 
passage are being considered. Compliance with BS 4142 does not excuse the 
turbine operator from other legal obligations. For this reason, many potential 
wind farm operators would like to see a new standard specifically for wind 
turbine noise. 
BS 4142 covers the following points: 
definitions of different sound levels 
measuring equipment, and calibration requirements 
choice of time intervals and measurement positions 
influence of weather on noise readings and predictions 
assessment of background noise level 
corrections to be made to account for background and or tonality 
corrections to be made to account for cyclic or intermittent noise. 
It is not applicable in areas where the background noise is very quiet, i.e. 
less than 30 dB (A). Turbines are generally placed in countryside where the 
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background noise is low, and so wind turbine manufacturers would like to see the 
standards extended to quiet regions. This is the subject of some debate, as it has 
been proposed that new standards could allow a turbine to be built provided it 
did not exceed a certain absolute noise level at the nearest dwelling, regardless of 
how low the background noise was. Existing British standards only consider the 
increment in noise above the current background level. 
The following points are of relevance to wind turbine operators. 
2.4.1 Measuring Equipment and Calibration 
Specification for the standards of measuring equipment are given in detail in BS 
4142. 
2.4.2 Measurement Position 
The measurements should be made outside the nearest dwellings likely to be 
affected. This is an important point; if the nearest dwelling is in a valley, and the 
wind farm on a hill, it may be windy on the hill, but tranquil in the valley. 
Consequently, background noise in the valley will be low, and will not suffice to 
mask the noise of the wind turbine. 
The first measurements should be made 1 metre away from the wall. 
Subsequent measurements should be made at least 3.5 metres away from other 
walls. If appropriate, measurements should be repeated at different heights up 
the wall. 
2.4.3 Measurement Time Interval 
The reference time is supposed to encompass all reasonable variations in sound 
emission. The standard recommends that separate measurements are made for 
each range of noise levels, which in terms of wind turbines means a reasonable 
range of wind speeds. Equivalent A-weightings should be measured for each wind 
speed. 
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2.4.4 Measurement Conditions 
The regulations state that measurements should not be made at wind speeds 
over 5 m/s, since the microphone is liable to self induced noise in high winds. 
This is clearly impracticable for wind turbines. However, in section 6.2 of the 
standard it is recommended that measurements are made under normal 
operating conditions, which for a turbine means in moderate to high winds. It is 
recommended that a windshield is used, and that the self noise on the 
microphone should be 10 dB less than the overall noise recorded. 
2.4.5 Background Noise Measurements 
The standard recommends that background noise measurements are made at the 
same measuring position, with the noise source (turbine) not operating. In 
section 6.2, it is recommended that the measurements are made under normal 
conditions. One interpretation of this clause might be that background noise 
should not exclude the noise due to traffic, or farm machinery for example. 
2.4.6 Corrections for Background Noise 
The document states that if the value of the source noise minus the background 
noise is greater than 9dB, no correction need be made. If this value is between 9 
and 3 dB, a sliding scale of correction is used. If the value is less than 3dB, the 
measurements are to be made closer to the source, and extrapolated to the 
position of interest (i.e. next to the building). 
2.4.7 Corrections for Tonal Noise 
If a tone, hum or whine is present, a 5 dB penalty is added to the overall source 
level. Only one such penalty is added, regardless of how many tones there are. 
2.4.8 Correction for Yaw Noise 
Clattering or banging noises may occur when the machine yaws, which is 
generally between 2 and 4 % of the operating time. It is not clear from the 
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standard exactly how these are to be assessed; in the section on discrete noise, it 
is stated that clattering or banging should incur a 5 dB penalty, like tonal noise.. 
However, since yaw is intermittent, it could be argued that the guidelines on 
intermittent noise should be followed. These state that the measurement should 
be made while the intermittent noise is on, and then adjusted by a factor 10 log 
TO,/T. For example, if the noise were only present for 2 % of the time, this 
would represent a reduction of 17 dB. 
2.5 Recommended Procedures for the 
Measurement of Wind Turbine Noise 
In order to ensure that the above noise levels are complied with, planners must 
know the sound emission levels of each proposed wind turbine. Therefore, a 
standard noise measurement procedure that allows different designs to be 
compared is required. There has been much debate as to exactly what this 
standard should encompass, for example whether measurements should be made 
at high or low wind speeds, and whether a long recording period is more suitable 
than a short one. In addition, the calibre of the microphone, the bandwidth and 
the frequency weighting must all be specified. 
A-weighting would appear to be to the benefit of the wind turbine industry, 
since turbines emit a large proportion of their sound in the very low frequency 
range (< 100 Hz). A-weighting is supposed to mimic the response of the ear to 
sound, but studies by Kelley and McKenna 181 suggest that low frequency 
emission can be annoying, both in itself, and also because of the resonances that 
it can cause in houses. However, in the UK, current noise regulations stipulate 
A-weighting, and it would seem unreasonable to stipulate that low frequency 
emission should be measured for wind turbines, and not for other low frequency 
emitters such as industrial gas stacks. 
This section describes some of the more recent documents on this subject. It 
is not an exhaustive survey, but is intended to illustrate the features which are 
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considered most important and the problems encountered when making noise 
measurements. 
2.5.1 European Commission Directorate of Energy 
Recommendations 
Henderson [9] compares two previous papers, one by the International Energy 
Agency (lEA) in 1984 [10], and one by the American Wind Energy Association 
(AWEA) in 1985 [11]. A compromise standard is drawn up, which is slightly 
closer to the lEA recommendations. Two tiers of measurements were proposed, 
the first to be mandatory, and the second optional, but desirable. The 
recommendations are as follows: 
Instrumentation 
A type 1 sound pressure level meter should be used, together with a microphone 
of maximum diameter 13mm. The meter should have constant frequency 
response between 3 and 5600 Hz, and should be able to measure the equivalent 
continuous A-weighted sound pressure level LA CQ ,T, A-weighted percentiles 
(L 10, L90&L 95 ), third octave and narrow band spectra. The lEA Expert Group 
Study [12] specifies that the narrow band range should have a bandwidth of 7Hz 
or, alternatively, that 1/24 th octave measurements can be made. 
Microphone Height 
Early standards proposed that measurements be made with the microphone at a 
height of 1.5m above the ground. However, standing waves can be set up, 
distorting the overall signal. Also, it is likely that some of the sound rays will 
have been reflected before reaching the microphone, and may interfere with rays 
which have come directly from the source. Consequently, this paper recommends 
that measurements are made with the microphone mounted on a large hard 
reflecting board, to ensure that all the sound recorded has been reflected. The 
sound pressure amplitude recorded by the microphone should be twice that of 
the emitted ray. Therefore, 6 dB should be subtracted from the measured sound 
pressure level to account for this. The second lEA [12] document states the 
readings should be reported with no correction for reflection. In practice, all 
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papers on the subject state whether or not such a correction has been made. For 
the purposes of comparing levels with the planning authority limits, the 
correction should be made. 
Further work by McKinnon et al. [11 investigates the influence of board geometry 
on the frequency spectra recorded. This report concludes that a smaller board 
can be used without affecting the sound, and that the shape of the board is not 
critical. For the purposes of standardisation, McKinnon et al. recommend a 
circular board of 1 metre in diameter. They also investigated the validity of the 
6 dB correction, using a sound source in an anechoic chamber. They found that 
the correction does vary with frequency, but an average of 6 dB can be used 
safely for frequencies less than 4kHz. (See Figure 2-2.) 
The method of supporting the microphone turns out to be critical. McKinnon 
decides in favour of mounting the microphone flush to the board, pointing 
towards the hub. In order to minimise standing waves, he recommends placing 
the microphone slightly in front of the centre of the board. 
Microphone Wind Shield 
The use of a wind shield is essential for any type of acoustic measurement made 
in the wind. The 1988 lEA document [12] recommends that a porous foam wind 
shield of 90 mm in diameter is used for all experiments, and that in high winds, 
a second shield should be added, consisting of a 450mm diameter wire frame and 
25 mm open pore foam, of 4-8 pores per 10 mm. 
Wind Speed Measurements 
Wind speed should be measured at hub height from a mast sufficiently fax 
upstream of the turbine to ensure that the effect of the rotor is minimal. If this 
is not possible, measurements can be made at a height of lOm above the ground 
and corrected to the hub height value by 
h 1/7 
VH = viom(m) 	 (2.9) 
Wind measurements should be made at the same time as acoustic ones. 
5. Measurement Position 
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Measurements must be made fax enough away to allow for the large size of the 
rotor, but near enough that atmospheric absorption is negligible. The 




H = Hub Height 
D = Rotor Diameter 
Henderson [9] recommends that concurrent measurements are made at five 
different positions, as shown on the diagram, Figure 2-3. The inner four indicate 
the directivity of the radiation, while the point at 2Ro allows calculation of the 
propagation of the sound. If it is not possible to make these measurements all at 
the same time, he recommends that signal from the microphone at RO downwind 
(the 'reference' position) is recorded all the time, whilst signals from the others 
are recorded consecutively. The diagram also shows the 'slant' distance, which is 
the direct distance from the hub to the microphone, that is flH
2 +10 0).  If the 
ground is sloping, there should be a clear line of sight to the microphone, which 
should be placed so that the slant distance is the same as it would be on level 
ground. The AWEA standards tolerate only 5% error in the distance 
measurement, whereas the lEA and Henderson tolerate a 20 % error. 
6. Wind Speed for Measurements 
The experiments should give some idea of the variation in noise with wind speed. 
Henderson proposes one measurement at 2 m/s above the cut-in wind speed (the 
wind speed at which the turbine starts to operate), and a second measurement at 
as high a wind speed as possible, at least 5 m/s faster than the first 
measurement. 
7. Background Measurements 
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Measurements should be repeated at the same positions and similar wind speeds, 
with the turbine stopped. Although the point is not discussed thoroughly in any 
of the above papers, background noise measurements generally present a 
problem. This is because the noise level is due to both ambient noise and wind 
induced noise on the microphone. The use of a wind shield and the requirement 
that measurements are made on the ground minimise, but do not eliminate, wind 
induced noise. As a precaution, it would seem sensible to take background 
readings both with and without the hard reflecting board, to check that all 
frequencies are affected equally by the board, and therefore that the predominant 
background noise is ambient, not wind-induced. 
8. First Tier 
LA 0q ,7' is measured for 2 minutes at each of the five positions as mentioned and 
at the two wind speeds specified above. The measurements are repeated with the 
turbine parked. Subjective assessment of the tones, and any other impulsivity 
should be made at each position. Wind speed is to be recorded during all 
measurements. 
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9. Second Tier 
Further measurements should be made at the reference position only, and at a 
wind speed near to the cut-in value plus 2 rn/s. These are as follows: 
Third Octave linearly weighted sound pressure levels, from 40-5600 Hz. 
A-weighted percentiles L, L 90&L95 
Narrow band spectra from 3-5600 Hz 
Impulsivity and Tonality if necessary 
All measurements are paired with average wind speed measurements taken over 
two minutes. 
10. Results to be reported 
These include 
Description of machine design, rotor size, hub height and rpm. 
Operating conditions e.g., yaw and pitch angle. 
A description of the local topography and the site itself, showing any 
buildings, forests or rough ground. 
Qualitative description of atmospheric conditions. The LEA 1988 [12] paper 
recommends that turbulence should be measured, but failing that, regular 
measurements of temperature, barometric pressure and humidity should be 
made, and an approximate description of cloud cover given, in order to 
indicate whether turbulence is likely to be unusually high or low. 
Details of the instruments used. 
The standard A-weighted sound pressure level at a distance of 100 m 
downwind, which can be calculated for each of the five readings of LA Cq ,TIR 
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Figure 2-2: NEL MEASUREMENTS SHOWING THE DIFFERENCE BETWEEN 
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Figure 2-3: MEASUREMENT POSITIONS RECOMMENDED BY HENDERSON ET Rl 
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The equation for the standard A-weighted sound pressure level at 100 
metres is as follows 
LA9 1T,3,d = LAeq,T,R + 20 log 10 	 (2.11) 
Henderson advises that the five values of LACQ,T,Std are then averaged, and 
the mean value for each wind speed quoted. From these two figures, the value of 
at 12 rn/s is calculated. The lEA Expert Group [12] study 
recommends that the largest value of LAeq,T,.id is quoted. 
There are clearly some differences between the standards, but, so long as the 
procedure used is described carefully, values can be compared reliably. 
2.6 Case Study of Wind Farm Planning 
Permission in the UK: 
2.6.1 Delabole Wind Farm, North Cornwall 
Delabole Wind Farm was the first wind farm to be erected in the UK, and 
comprises ten Vestas 400 kW machines. The farm is situated in a quiet part of 
North Cornwall. This section describes briefly some of the concerns of the local 
council raised by the planning application, and the conditions subject to which 
planning permission was granted. 




Radio and Microwave Interference 
Effects on Wildlife 
Safety 





Safety apart, the most worrying aspect for the Council was noise emission. 
The basic problem was to decide whether the obligation was simply to avoid 
noise nuisance (in which case an absolute noise limit would have been sufficient) 
or whether amenity should be preserved, in which case the noise emission should 
give rise to little or no increase in the ambient noise. 
The documents available at the time included BS4142, Planning and Noise 
section in the Draft Planning Policy Guidelines on Renewable Energy (PPG) and 
the circular 10/78 Planning and Noise. BS4142 is not generally applicable in 
areas where the ambient noise is below 30 dB(A), as it was on the site in question, 
while the draft PPG suggests that on quiet sites it may be more appropriate to 
permit a maximum noise level of 40 dB(A) during the day time, and the circular 
10/73 stresses the need to avoid unnecessary increases in ambient noise levels. 
Under these circumstances, the council decided that it would be best to 
draw up their own agreement with the wind farm operator. 
The following points relating to measurement were considered: 
Whether L90 , L 50 or Lc q  should be used 
The height of the microphone 
How the wind speed should be measured 
How to minimise wind shear effects on the microphone 
Whether to accept a 5-6 dB per doubling of distance 
Whether propagation models were reliable 
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Conditions of Planning Permission 
Planning permission was granted subject to the following conditions: 
The maximum level at the cut in wind speed was required to be 39 dB (A) at the 
nearest building, while sound pressure level at the higher rotational speed was 
required to be below 45 dB(A). 
The measurement technique was specified to be as per the Danish regulations. 
No discrete tones or distinguishable characteristics were permitted 
The permitted noise levels at the nearest noise sensitive location could not 
exceed L 90 + 7 dB. 
Operation could be curtailed during summer evenings. 
Operation between 23:00-7:00 would be reviewed after two years. 
The application for planning permission was granted in 1990. The original 
plan specified high tip speed machines. However, the manufacturers were unable 
to guarantee the 45 dB(A) limit. This lost them the contract, which was 
subsequently passed to the Danish company, Vestas. Nevertheless, some 
modifications to the design were required. Under certain wind conditions, there 
is a distinct squawking sound, which is believed to be of aerodynamic origin. 
One possible explanation is that it is due to a feedback loop between turbulent 
eddies on the suction side and laminar vortex shedding on the pressure side. 
This point is discussed further by Lowsonb41. The problem has been remedied 
by altering the pitch angle schedule at the wind speed of concern, and by 
applying tape to the end of the blades in order to ensure a turbulent boundary 
layer. At the time of writing, there is still a distinct audible tone from the 
gearbox at high wind speeds, which designers are trying to minimise. Acoustic 
lagging may have to be applied to the nacelle. 
Since 1990, North Cornwall Council has approved one other application for 
a wind farm, at Cold Northcote, and has rejected two. It must be remembered 
that Cornwall is a particularly sensitive area, owing to the tourist industry and 
the relatively high population density. Other local councils may be less stringent 
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in their requirements. Larger windfarms, comprising 43 and 60 turbines 
respectively have since been approved for planning permission at Penrhyddlan 
and Llidiartywaun in Mid-Wales. However, in the absence of government 
directives on noise emission, it would seem prudent for wind farm developers to 
try to comply with the guidelines above. 
2.7 Sound Intensity Measurement 
Sound intensity measurement is a relatively modern technique, which requires 
expensive equipment and a certain level of skill. As such, it has not been 
included in certification standards. However, since sound intensity is a measure 
of the propagating part of the sound field, it can be used to locate the source of 
the sound. It is therefore of great interest to turbine manufacturers. 
Sound Intensity measurements are made with intensity probes. The simplest 
probes consist of two microphones, mounted face to face, and separated by a 
small solid spacer. The pressure gradient between the two microphones is 
integrated to give the particle velocity see [2] 
52 u1 	1 b 
Sr2 - _P0 Tr (2.12) 
The sound intensity is given as this value multiplied by the average pressure 
recorded by the two microphones. The measurement is sensitive to fluctuations 
in density, so the temperature and humidity must also be recorded. This system 
gives the intensity of the sound in the direction of the axis of the two 
microphones. It is therefore most sensitive in the direction of the axis of the 
microphones, and least sensitive in the perpendicular direction. More advanced, 
expensive intensity probes consist of an array of microphones which give 
information about the exact direction of the source. This could potentially be 
most useful for measuring the noise emission from a particular part of a wind 
turbine, for example, from the nacelle, from different parts of the rotor or from 
the tower. The sound intensities are summed to give a value for the sound power 
level. 
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The advantages of sound intensity measurements over sound pressure level 
measurements are that they can be used even in the presence of relatively high 
background noise (although self-induced microphone noise is still a problem), 
and that individual noise sources can be isolated. The disadvantages are the 
cost, time and processing involved. 
Pinder [15] used sound intensity measurements to investigate noise emission 
from the tower of a small wind turbine. He inferred that some noise was radiated 
by the pylon tower at the gear meshing frequency, but that this was insignificant 
compared with the overall level. 
2.8 Mechanical Noise and its Reduction 
Discrete tones have been shown to cause greater annoyance to the public than 
broadband random noise. Any wind turbine emits a variety of discrete tones, 
whose intensity depends on the power. A typical spectrum of sound from a 
medium sized turbine is shown in Figure 2-4. The intense narrow band peaks 
due to mechanical noise are clearly visible. The majority of these tones are 
emitted by the gearbox and the generator, although the nacelle cooling fan, 
hydraulic power packs and oil coolers can also be significant noise sources. The 
tones can be transmitted in two ways: 
structure borne, via mountings to the nacelle walls, blades or tower. 
air borne, especially via the cooling vents. 
Pinder's [16] ranking of the relative importance of nacelle noise sources is 
given in Table 2-4. The numeric figure indicates the overall importance of the 
noise source in question, while the alphabetical letter ranks the importance of 
the different transmission routes for each noise source. 
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Figure 2-4: NARROW BAND SPECTRUM FROM A TYPICAL MEDIUM-SIZED 
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Table 2-4: MACHINERY NOISE SOURCE RANKING 
Source Airborne Path Structure-borne path 
Identity Ranking Identity Ranking 
Gearbox Nacelle A2 Mounting feet Al 
Openings to walls  
Nacelle Wall B2 Machinery raft Al 
Breakout 
Tower C6 
Input Shaft to B3 
hub and blades 
Generator CS 
As gearbox If hard d mounted. mounting feet to nacelle walls A6 Machinery raft A6 
Nacelle A4 Negligible 
openings and 
Air Duct Grilles  
Transmission Path Ranking Within Source = alpha 
Level Ranking Over All Source = numeric 
Taken from J.N. Pinder "Mechanical Noise From Wind Turbines", Proceedings of ETSU 
Workshop on Wind Turbine Noise, 30th June 1992, report no. ETSU-N-123 
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2.8.1 Generator Noise 
Electromagnetic Noise 
The electromagnetic flux induces vibrations of the rotor and stator, with the 
forces being approximately proportional to twice the flux density. Rotor and 
stator vibrations arise due to the electromagnetic flux, the forces being 
proportional to the flux density. The induced frequencies of vibration are the slot 
passing frequencies, and their harmonics, while the intensity of the sound 
generated is strongly influenced by the degree of damping in the machine 
structure. 
Bearing Noise 
Watson [17] notes that discrete noise may arise if there are irregularities on the 
generator bearings. In order to minimise this, he recommends that conventional 
bearings be replaced with sleeve bearings. 
Cooling Fan Noise 
The fan required to control the generator temperature may cause excitation of 
components within the generator, thus inducing discrete tones. In order to 
minimise this, the fan should be placed a reasonable distance from the generator. 
The fan also provides an outlet for all types of nacelle noise. For this reason, 
silencers may be applied to the fan duct. Damping is discussed in detail by 
Ohirich et al. [18]. 
2.8.2 Gearbox Noise 
Both airborne and structure borne noise from the gearbox are significant, as 
shown in the diagram Figure 2-5. 
Tooth meshing noise is often clearly audible on unsilenced wind turbines. 
Tones may become highly irritating if modulated by the blade passing 
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harmonics. The noise is related to the transmission error, which is defined as the 
difference between the actual and intended position of the driven gear, and is 
typically a few microns. As an approximate guide, a doubling in the transmission 
error causes a 6 dB increase in the noise. Clearly, the degree of loading influences 
the transmission error, as does the degree of wear and tear on the gears. It would 
be advantageous to turbine manufacturers to obtain sound data from loaded 
gearboxes. Pinder 1161 suggests that gearbox manufacturers should provide noise 
data for gearboxes loaded at 50 % of the load at 8 m/s. At present, most 
gearbox manufacturers supply unloaded noise data only. Ljunggren [191 et 
al. recommend that at manufacture the gearbox noise level should be 10 dB 
below the maximum allowable noise level for the turbine, so as to ensure that 
discrete tones remain inaudible for the lifetime of the machine. 
The gearbox mountings or bearings transfer sound to the casing, from which 
it is radiated as airborne sound. Careful design of the casing is a cheap way of 
minimising this problem. Some wind turbine manufacturers also insulate the 
nacelle with anechoic foam. When combined with cooling duct silencing, this can 
result in a reduction in turbine noise of 3-6 dB(A) (see Ohlrich [18]). 
The above applies for airborne noise from the gearbox. However, structure 
borne noise via the mountings to the nacelle raft and walls is also important. 
Ohlrich [18,20,21] gives details of appropriate flexible mountings and indicates 
that the sound immission can be reduced by up to 15 dB(A) if the gearbox is 
fully isolated. However, there is the danger that flexible mountings could give 
rise to powerful structural resonances if excited. Ohlrich recommends isolating 
the nacelle walls and roof in the first instance as this is considerably easier than 
isolating the nacelle raft. An alternative method suggested by Pinder is to divide 
the gearbox, so that the noisy high speed final stage is incorporated into the 
generator. The two stages are connected by a flexible coupling, and the 
generator and final stage are mounted on flexible supports. 
A reduction in mechanical noise is likely to play a large role in making wind 
farms more acceptable. Watson [17] recommends that discrete broadband tones 
should be completely masked by random broad band sound, and, in addition, 
that broadband mechanical noise should be at least 8 dB lower than the overall 
Chapter 2. Wind Thrbine Planning Issues 
	
59 
aerodynamic noise. Most commercial companies place mechanical noise 
reduction high on their list of priorities. For example, several companies now 
isolate the gearbox from the nacelle, and some fit elastometric teeter bearings 
fitted between the rotor and the gearbox. The Danish company BONUS [224 
redesigned the gear teeth profiles in order to minimise transmission error, and 
replaced the conventional cooling fan with a quieter, two speed design. 


















Figure 2-5: SCHEMATIC DIAGRAM SHOWING THE AIRBORNE AND 
STRUCTURE-BORNE TRANSMISSION PATHS FOR NOISE EMITTED FROM THE 
GEARBOX 
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2.9 Summary of Chapter Two 
Table 2-1 gives an indication of the problems caused by siting a wind turbine, 
which typically has a SPL of about 45 dB(A) at 400 metres, in a quiet rural area, 
which typically has a SPL of 20-30dB(A). The Danish, Dutch, Swedish and 
German noise limits for wind turbines have been discussed. It should be noted 
that all countries penalise mechanical noise. Germany and the Netherlands have 
stricter limits for night-time emission. British standards are as yet a little more 
confused; circular 10/73 recommends little or no increase in ambient noise, while 
the draft Planning Policy Guidelines suggest that on quiet sites, it may be 
appropriate to recommend a maximum level as is done in Europe. 
Three noise measurement procedures drawn up by the International Energy 
Association (TEA), the American Wind Energy Association (AWEA) and the 
European Directorate of Energy are compared. Whilst not agreeing on every 
point, these standards have a fair amount of overlap; in particular, they agree on 
the quality of the equipment to be used, the necessity of using a wind shield, the 
most important position of measurement, and the advisability of placing the 
microphone on a hard reflecting board. All standards specify both third octave 
and narrow band noise measurements. It is agreed that One set of measurements 
should be taken at a low wind speed (near cut-in), but the standards differ over 
whether to take a second set, and if so, whether it should be at a moderate or 
high wind speed. 
The conditions set by Cornwall County Council for the first UK windfarm 
have been described in detail as they are an indicator of the standards likely to 
apply to subsequent wind farms in the UK. The Council was particularly 
concerned with tonal noise and also with night-time operation, which is currently 
under review. An intermittent squawking noise of aerodynamic origin has been 
suppressed by a change in the pitch schedule of the blades. At the time of 
writing, six complaints have been received concerning noise from the two large 
wind farms in Powys, and the sites are the subject of noise tests. Planning 
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permission has also been refused, on grounds of noise and visual intrusion, for a 
proposed development of a wind farm at Wardhill, Aberdeenshire. 
The final section of this chapter gives an overview of the causes and control 
of mechanical noise. Most manufacturers have made great efforts to minimise 
this noise source, Enercon going as far as to design a machine without a gearbox. 
With improvements in mechanical noise reduction becoming standard practice, it 
is expected that aerodynamic noise reduction will receive more attention in the 
future. 
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3.1 Introduction to Chapter 3 
This chapter is largely concerned with the theories of aerodynamic sound 
generation. The three principal types of sound radiation, namely, monopole, 
dipole and quadrupole, and their relation to the forces and stresses of the fluid 
are described. Lighthill's theory of jet noise and subsequent extensions of this 
theory to encompass the effects of solid boundaries and sharp edges are detailed. 
The various mechanisms by which noise can be generated at an aerofoil are 
listed, together with accounts of a selection of experimental and theoretical 
investigations into each mechanism. From this information alone, one could 
obtain a qualitative idea of which design parameters to alter in order to minimise 
aerodynamic noise. However, the wind turbine designer must balance the need to 
control noise against the need to generate power. The next section describes the 
general principles of rotor design in order to illustrate the consequences for power 
generation, cost and fatigue of any modification intended to minimise sound 
emission, (for example, a reduction in tip speed implies an increase in torque if 
the net power is to remain constant). The final section describes qualitatively 
the implications of the power control method for noise. 
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3.2 Classical Acoustics 
The classical theories of aerodynamic noise are largely concerned with solutions 
to the inhomogeneous wave equation. In a non-moving medium, this equation 
can be written as follows: 
Sq 
V 2p_# = V . f — P01. (3.1) 
Where 
p = fluctuating pressure 
co = speed of sound 
r = time of sound emission 
f = externally applied force per unit volume of fluid 
q = external volume source of flow. 
The right hand side of equation 3.1 is sometimes written as 
For the purposes of calculating noise emission due to turbulence, it is often 
more convenient to write this equation in terms of density fluctuations, rather 
than preE3ure fluctuations. Provided that the change in entropy in the flow is 
small, we can write p = po4. Hence 
- 152(p—PO) 	
1 (V f 	x-. Sq V2(p - p0) 	8r2 = . - po). 	 (3.2) 
In this equation, p is the instantaneous density and p o is the density when 
the fluid is undisturbed. 
Some important quantities used in classical acoustics are: 
The unsteady velocity u which is composed of two parts, one solenoidal and the 
other irrotational. 
The acoustic particle velocity, ua which is irrotational, 
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VXUa = 0. 
For a constant fluid velocity, U, the acoustic particle velocity is associated with 
the pressure fluctuations by the equations: 
Doua 
Po  Dr = -Vp 	 (3.3) 
i s = -v u. 	 (3.4) 
po4Dr 
The notation Do/Dr is shorthand for the moving derivative. 
Dr 	or 	Ty' 
The vortical velocity, u., which is solenoidal 
v.uv = 0. 
For constant fluid velocity, U, u,, has the property 
Doug =0. 
Dr 
The specific acoustk impedance of a medium, z, which is defined as the ratio of 
the acoustic pressure to the particle velocity. 
(3.5) 
U 
For plane waves, z is purely real, and is equal to poeo. Generally, the particle 
speed is not in phase with the pressure, thus, z is complex, and is written as 
z = x+iy 
where x is the specific acoustic resistance of the medium, and y is the specific 
acoustic reactance, and expresses the divergence of the wave; z is also a function 
of the wavenumber of the fluctuation. 





with 0 being the ratio of the distance from the source to the wavelength 
0 = cor1 (kr) 
3.2.1 Spherically Symmetric Sound Waves 
In the absence of sources, the wave equation is 
1 £2 - sv7 
C8 67-2 
If the waves are spherically symmetric, this can be simplified to 
52p 28p 	1 82p 
6r2+rSr - 45r2 
Energy is conserved, thus the pressure amplitude is inversely proportional to 
r. A solution is 
p = fi  (COT —r)+ 1f2(cr+r). 
The second term represents an incoming wave and can often be ignored. 
3.2.2 Description of Monopoles, Dipoles and 
Quadrupoles 
Lighthill [1] classifies three mechanisms for the conversion of mechanical kinetic 
energy to acoustic energy: 
By causing fluctuations of mass within a fixed volume. 
By causing fluctuations of momentum within a fixed volume, which occurs when 
a solid object vibrates after being struck. 
(3.6) 
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3. By varying rates of momentum flux across fixed surfaces which happens when 
sound is generated in a turbulent air jet, with no influence of the solid 
boundaries. 
The first of these represents a monopole or simple source, while the second 
represents a dipole and the third a quadrupole. The monopole is by fax the most 
efficient noise mechanism, and the quadrupole is the least efficient (except at high 
Mach numbers and high Reynolds numbers). The difference in efficiency becomes 
even more marked at low frequencies. A hand-waving explanation is as follows: 
any externally applied forcing motion is balanced partly by a local reciprocating 
motion, and partly by a pressure disturbance, which is propagated outwards (i.e. 
sound). At wavelengths large compared to the scale of the forcing motion, the 
standing wave is able to reciprocate adequately, and the sound is weak. 
3.2.3 Monopoles 
A pulsating sphere emits spherically symmetric pressure waves similar to those 
considered above. Therefore, we can represent the simplest sound sources as 
pulsating spheres. These are called monopoles or simple sources. If we consider a 
sphere of undisturbed radius a, with velocity amplitude at the surface u, 
u(a, i-) = uo._ICCT . 	 (3.7) 
The pressure at the surface of the sphere is found by use of the acoustic 
impedance, z when r = a 




p(a,r) = poceuo  cos 9aei(1O0). 
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If we match this to the equation for pressure amplitude of spherically 
symmetric waves, we find 
p(r, r) = poc0uo 5 cos 
r 
The acoustic intensity is given by 
1 	22 	2 9 -) .cos 	. I = pocou0( r 
If the wavelength is long compared to the source size, i.e. if ka << 1, then 
the impedance is strongly reactive. 
z(a) = pocoka(i+ka) 
This means that the rays are strongly divergent. The pressure and intensity 
become respectively 
p(r, t) 	ipocouo ()(k a) e1(T_ 	 (3.9) 
1 
	
I(r,t) jpoci uo (—) 2 (ka) 2 . 	 (3.10) 
At long wavelengths, I is proportional to the fourth power of the source 
radius, which means that small sources are inefficient at these wavelengths. 
It should also be noted that 
Ioc u. 	 (3.11) 
3.2.4 Dipoles 
A dipole consists of two sources, separated by a short distance and oscillating at 
the same frequency, but 180 degrees out of phase, as shown in Figure 3-1. The 
pressure fluctuations felt by an observer at a position (r, 0, r) due to sources 1 
and 2 are respectively 





P2 = 	r—taLr2 
Provided that the observer's distance from the dipole is large compared with 
the separation of the sources, (r>> d), the overall pressure at this point is 
p(r,O,r) = 	
2P22zLo sin(kdsin(0))e2(T_). 	(3.12) 
If, in addition, lcd cc 1 the pressure amplitude p(r, r) is given by 
p(r,O,r) = —ipocouo lcd— sin(0)et ( TT) . 	 (3.13) 
Also, if .sin(0) is small (long wavelengths), then the pressure amplitude 
p(r, 0, ,r) is inversely proportional to the square of the wavelength. 
p cc 
Thus at long wavelengths, dipole radiation is less efficient than monopole 
radiation. Note that, for non-moving sources, dipole and monopole pressure 
amplitudes have the same dependence on the oscillation velocity u 0 . However, in 
a moving flow, they have different dependences on the flow velocity U, because 
they arise by different mechanisms. See Figure 3-1. Dipole radiation occurs 
when a flow meets solid boundaries and can be thought of in terms of the forces 
between the fluid and boundaries. 




Figure 3-1: DIRECTIONAL DEPENDENCE OF PRESSURE DUE TO DIPOLE 
RADIATION 
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3.2.5 Quadrupole Radiation 
Quadrupole radiation is the limiting case of two dipoles, or four sources. It may 
be thought of in terms of the stresses within the medium, which are specified by 
the stress tensor, T1. 
The stress tensor is defined as 
Tij = PViVj +JJIJ - 4pSjj 	
(3.14) 
where 
cp8jj = hydrostatic pressure 
pij  = a tensor composed of the hydrostatic pressure and the 
viscous stress tensor, which is often negligible in air 
VjVj = fluctuating Reynolds stress term. 
The derivation of the acoustic emission caused by the stress tensor is 
complex and is discussed in 3.3. 
Q uadrupoles are known as longitudinal if their axes coincide, and lateral if 
they are perpendicular. Together, the longitudinal quadrupoles produce a sound 
field which (outside the region of stress) is geometrically similar to that of a 
monopole, but much weaker. Quadrupole radiation is also more sensitive to 
frequency, the source strength being inversely proportional to the square of the 
wavelength. 
Chapter 3. Aeroacous tic Theory 	 75 
3.3 Equations of Density Fluctuations in a 
Medium 
This section summarises some of the findings of Lighthill [1], Curie [2] and 
Goldstein [] 
From the previous section, it is evident that the noise radiated by a flow will 
depend upon whether the sources axe monopole, dipole or quadrupole. Thus, in 
order to estimate the noise, we require a detailed description of the flow. Density 
fluctuations in any flow are given by: Density fluctuations in any flow are 
governed by three equations: 
the equation of continuity 
conservation of momentum 
conservation of energy. 
In the absence of any sources of matter, any externally applied force, or any 
internal stresses, the medium is a perfect acoustic medium at rest. The equations 
are 
	
+/—(pv) =0 	 (3.15) 
J_(pvi) + 4±-- 0 	 (3.16) bx i  
b2 
 P  - 4V2p = 0. 	 (3.17) 
Equation 3.17 is the homogeneous wave equation in a non-moving medium. 
It is obtained by eliminating the product pvj from equations 3.15 and 3.16. 
If sources of matter are present, providing an extra mass Q(x, r) per unit 
volume, then equation 3.15 is modified by a term Q on the right hand side and 
becomes equation 3.18, while equation 3.17 contains a factor 6Q/8r on the right 
hand side. 
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If an external fluctuating force F1 per unit volume is present, a term F1 is 
introduced to the right of equation 3.16, and a term 5F1 /6x1 is introduced to the 
right hand of equation 3.17. 
The resulting equations governing density fluctuations in a medium with 
sources of matter and external forces are as follows: 
op + 
£ 
- 	(pvi) = Q(x,r) 	 (3.18) Sr Sxj 
	
8
= F 	 (3.19) 
Tr 	SX i 
+ Co 	$ 
62 P 
- 
4V2p __ 	 (3.20) 
- 	Sr Ox 
The third of these equations describes the pressure waves that result from 
the sources and forces but no stresses within the fluid. If this equation is 
compared with equation 3.1, it can be seen that 
Q oc q 	 (3.21) 
F1 oc f. 	 (3.22) 
Equations 3.18 to 3.20 imply that if —5F1/5x1 = SQ/tsr then the flux of force 
is equivalent to a source distribution, and therefore produces monopole sound. 
However, this is not the case, as sound is still emitted if the integrated force flux 
at any one instant is zero. The force field must be considered as consisting of 
pairs of opposing sources, i.e. dipoles. The equations also imply that in the 
absence of both sources and forces, no sound is generated. By considering the 
fluctuating stresses in a fluid Lighthill was able to show that this is not the case. 
He developed a theory to account for the generation of pure aerodynamic sound, 
such as might occur in a turbulent jet, away from any solid surfaces, and to 
relate its intensity to the flow velocity. A precis of Lighthill's theory follows. 
3.3.1 Lighthill's theory 
Two fluid configurations are compared. The first consists of a small region of 
fluctuating fluid embedded in a large volume of fluid at rest. The second consists 
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of a uniform acoustic medium at rest. The equations controlling the fluctuations 
of density in the two cases are compared, and the difference between the two sets 
of equations is taken as representing the effects of an external, fluctuating stress 
field, acting on the stationary uniform acoustic medium. 
For the first case, the rate of change of momentum within any fixed region 
of space, is determined by 
the viscous stresses in the fluid P11 
the rate at which momentum crosses the boundary, which is given by the 
fluctuating Reynolds tensor, 4OV1VJ. 
In the case of a uniform acoustic medium at rest, momentum changes at a 
rate determined only by the hydrostatic pressure 
The difference between the stresses in the real flow and those in the uniform 
acoustic medium at rest is therefore 
	
Tij = ,O V V1 + P11 - 40j. 	 (3.23) 
In the absence of sources and external forces, the density equations 3.15 to 
3.17 become respectively 
bp 
Tr 
+ /—(pv) =0 	 (3.24) 
- T11 	
(3.25) .g- (pVI) + 2 	- - i;; bXi 
- 	
V 	
(3.26) - cV2p 
8x16xf 
It would seem from comparing equation 3.26 with equation 3.20 that if 
t52T11 18x 1 5x 1 were equal to SQ/fir, then the stress tensor could radiate as a 
monopole, while if —6 2 T1115x18x = 5F1/5x1, then the stress field could cause 
dipole radiation. However, in the absence of solid boundaries, or other externally 
applied forces, the net instantaneous value of —6T1115x1 is zero. Sound is 
generated by pairs of opposing dipoles, or quadrupoles. 
A general solution to the inhomogeneous wave equation is given by Stratton 
[4, p 167  & p4271 as 
77 
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1 	v52 211 	dy 	1 SlSp  lSr 	1 Sr 8p 
	
PP0 = 42 j 65 Ix - i J -r-'r+-rr dS(y).  (3.27)cor 
Here, S refers to a surface integral, while v refers to a volume integral. The 
unit normal from the surface is denoted by n. x and y refer respectively to the 
coordinates of the observation point and points within the region of fluctuating 
flow. These coordinates are measured from an origin within the region of 
fluctuating flow. The corresponding vectors are x and y. This notation will be 
used throughout the remainder of the thesis. 
In the absence of solid boundaries, the surface integral vanishes. The volume 
integral can be simplified by considering the quadrupole as the limit of four 






If x >> y, i.e. if the observation point is distant with respect to the size of 
the flow region, this can be further simplified to 
1 XiXj 2 
- = 4rcg 	j 
T11(y, r) dy. 	 (3.29). 
There is one final complication. The three longitudinal quadrupoles do have 
finite net instantaneous values of 62T11/57 2 . This means that outside the stress 
field, they produce density fluctuations which are geometrically similar to those 
of a source, but weaker, especially at low frequencies. 
Together, the lateral quadrupoles have finite instantaneous net 5T1115x15x3 
and produce a typical quadrupole field. 
Intensity of Jet Noise - Dimensional Analysis 
The expressions for sound pressure and intensity levels given in section 3.2.3 are 
given in terms of the oscillation velocity amplitude u0 of the sound source. We 
now wish to relate the pressures calculated from equation 3.27 to the flow 
velocity. The stress tensor is given as 
T1 	VjVj. 
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The relative velocities vi and v5 can be written in terms of the steady state 
velocity U and an oscillating component, u 
vj=iU+u 	 (3.30) 
= iU + u0e"' 
Thus we find that 
cx U2 	 (3.31) 
62T13U 
57.2
° 	 (3.32) 
The intensity of radiation at a point is given by 
1(x) = 4 (p(x, r) - p0)2 	 (3.33) 
Po 
where the bar indicates a time average. Therefore, for quadrupole noise, 
1(x) cx U 8 12 c 5 	 (3.34) 
SPL(x) cc U8 . 	 (3.35) 
3.4 Boundaries 
Lighthill's work was extended by Curle [z] and Goldstein [3] to cover the effects 
of solid boundaries on sound emission. The main effects are: 
1. The boundary influences the incoming pressure fluctuations, and may increase 




2. The solid boundary produces a mirror image of the incoming quadrupole sources. 
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3. Acoustic velocity (due to pressure fluctuations) may couple with the vortical 
velocity at the surface, causing dipole sources. Dipoles are a much more efficient 
noise source than quadrupoles. 
The solution to the density equation when solid boundaries are present, but 
not moving, is 
1 	52 	1V Tjj (y, r) 	1 5 	5 P1(y, r) dS(y) 
	(3.36) 
PP0= 4ir4Sx1Sx1Jo x-y dY_4ir4;;jo X---Y-1  
with 
Fl = — ljPlj 
and ii  is the direction cosine of the normal to the fluid boundary. This 
means that F1 is the force per unit area exerted by the solid boundaries on the 
fluid, in the i direction. 
The volume integral is the same as Lighthill's, and represents quadrupole 
radiation, whereas the surface integral represents dipole radiation. It is 
important to note, however, that the stress tensor Tjj has been increased by the 
presence of the boundary layer at the solid surfaces, and so the quadrupole 
sound is louder than it would be in the absence of the solid boundaries. 
If the surfaces are moving, there is another term to be included in the 
equations, which describes thickness noise - the sound generated by volume 
(displacement) effects of the surface. 
3.4.1 Dimensional Analysis of Dipole Sound 
In the far field, lxi>> lyl, the surface integral in the equation 3.36 can be 
written 
1 	5 	1 P1 (y , r) 	1 x 5 s(r) 
ix—yl dS(y) = 	 P1(y,r) dS(y). 	(3.37) 
As before, the frequency w is generally of order U/i. If the Mach number is 
also low, then the force term is given by 
[:11] 
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L (fpi(t) dS) 	[poU2l2. 	 (3.38) 
Therefore, 
I cc p0U6c 3 12 . 	 (3.39) 
To recap, 
SPL cc U4 for monopoles 
SPL cc U° for dipoles 
SPL cc U 8 for quadrupoles 
Olsen et al. [5] investigated experimentally the effects of inserting a large 
plate in the path of a highly turbulent jet. Noting that dipoles radiate at the 
same frequency as the incoming pressure field and the intensity of their radiation 
is proportional to the sixth power of the velocity, while quadrupoles radiate at 
twice this frequency and the intensity is proportional to the eighth power of the 
velocity, he was able to deduce that the sound was still largely generated by 
quadrupole sources. This turns out to be the case whenever the surface and its 
radius of curvature were very large compared to the wavelength of the sound 
emitted. Goldstein gives a thorough discussion of this point [3), and concludes 
that when the surface size is smaller than the wavelength, dipole sources become 
much more efficient than quadrupoles. The strength of dipoles can be estimated 
from the forces on the solid body, which are often known from other 
aerodynamic quantities. 
Frequently, the surface is neither small nor large compared to the 
wavelength of the sound emitted. Ffowcs Williams and Hall [6 ] considered the 
effect of both rigid and compliant edges on noise radiation. In both cases 
radiation emitted from the edge was found to be considerably louder than that 
emitted from the remainder of the surface. It was shown that edge noise sound 
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intensity varies with the fifth power of velocity, and is therefore more efficient at 
low velocities than either dipole or free space quadrupole sources. 
'edge OC U5 
	
(3.40) 
SPLedge oc 10log(U5 ). 	 (3.41) 
This is clearly of importance to wind turbine noise, since an aerofoil trailing 
edge amplifies noise emission by this mechanism. Ffowcs Williams and Hall's 
paper includes an investigation of how the edge affects the different components 
of the Reynolds stress differently, thereby altering the directivity of the sound 
field. This theory makes extensive use of Green's functions, and so a brief 
overview of Green's functions is given in the appendix. 
3.5 Specifying Aerodynamic Stresses on 
Aerofoils 
Up until now, the analysis given has been purely theoretical. The stress tensor 
T1 must be estimated, and this is not an easy task. However, under many 
conditions, the contribution of quadrupoles is small compared to that of dipoles, 
and a good approximation may be made by estimating the dipole strength only. 
Most authors use one or other of the following procedures: 
calculating the unsteady flow potential from the equations of an ideal fluid, and 
matching this quantity to the radiated acoustic wave 
relating the far field noise to measurable hydrostatic pressure fluctuations on the 
aerofoil. 
Both of these approaches have been applied to both leading and trailing 
edge noise theory. 
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3.5.1 Matching Unsteady Flow Potential to Acoustic 
Pressure 
The basics of this method are given by Landau and Lifshitz [7, p278-284]. It is 
assumed that unsteady potential can be related to the steady potential. This 
method is best illustrated by an example, and the following argument is taken 
from Crighton [8,9]. 
Suppose a line vortex is moving around the trailing edge of a semi-infinite 
plate, which lies in X c 0, Y = 0. Two distinct potentials exist: the steady state 
potential due to the vortex itself, and the unsteady potential which describes the 
propagation of acoustic sound. The first potential is calculated from Laplace's 
equation 
V2 (X,Y,X0 ,Y0 ,t) = 0. 	 (3.42) 
Where 
X, Y = coordinates as measured from the edge of the plate 
X0 , YO = coordinates of vortex core at time t. 
Noise emission is minimal except when the vortex is actually at the trailing 
edge, where it undergoes acceleration. This takes place over a time of order 
a/U seconds, where a is the distance of the vortex from the plate, and U the 
velocity of the vortex. Sound emission therefore influences fluid within a distance 
aMt from the trailing edge, where M is the Mach number. Within this 
region, the acoustic wave equation applies.. In the equation below, the distances 
have been scaled by a factor of M, i.e. xx = MX etc. and time has been scaled 
by a factor a/U, i.e U = ta/U. 
82 
- V2 (xx, yy, U) = 0 	 (3.43) 
Both regions are subject to the condition that the normal derivative of 0 on 
the plate is zero. In the acoustic region 0 tends to zero at infinite distance. 
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Equation 3.42 can be solved in terms of X, Y, t, M and the solutions to the two 
equations can be matched for low M. Thus the solution to the second equation 
can be found in terms of xx, yy, it, and M. The Fourier transform of this 
solution provides the spectrum of the radiated sound. 
3.5.2 Linearised Hydrodynamic Equations Approach 
If a solid surface is present, dipoles on the surface are generally much more 
important than quadrupoles. The sound radiated by dipoles is linearly related to 
the forces on the body, which can be calculated from the linearised equations of 
continuity and momentum of the fluid. As mentioned in 3.2, the unsteady 
velocity u can be broken down into two parts, one irrotational known as the 
acoustical particle velocity and one solenoidal, the vortical velocity. Pressure 
fluctuations are associated only with the acoustic particle velocity. 
	
U = U + Uy 
	 (3.44) 
Under normal circumstances, these two velocities are independent, and obey 
the following equations: 
DoUa 
Dr = -Vp 	 (3.45) 
po4Dr




= 0. 	 (3.47) 
Dr 
Interactions between the two velocities can only occur through second or 
higher order terms. For example, Lighthill's tensor, T11 (given by 4OU1UJ with u1 
and u3 both vortical velocity terms) causes sound emission by a second order 
interaction. 
However, near a solid boundary, the two velocities may become coupled, 
because of the requirement that the net normal velocity at the surface is zero. 
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This means that energy is exchanged between the two velocities. The solid 
aerofoil scatters the incoming gust, which is non-propagating, to give a 
propagating acoustic wave. 
Uafl = Uv - fl  
3.6 Noise Emission from an Aerofoil 
The mechanisms by which an aerofoil emits noise are: 
Interaction of the aerofoil with inflowing turbulence. When the aerofoil 
encounters a turbulent eddy, the pressure distribution changes dramatically, 
especially at the leading edge of the suction side. Large unsteady forces result 
and intense low frequency noise is emitted. 
Interaction of boundary layer turbulence with the trailing edge. Small scale 
turbulence in the boundary layer is scattered from the trailing edge producing 
high frequency sound. 
Separated flow. At high angles of attack, the boundary layer becomes more 
turbulent, and eventually separates away from the aerofoil surface. Some 
aerofoils stall first at the leading edge, others at the trailing edge. While the 
region of 2tall is relatively small, high frequency noise is emitted. At higher 
angles of attack, the whole of the suction side may be stalled, and low frequency 
radiation is emitted from the whole aerofoil. 
Vorticity from a blunt trailing edge increases the stresses and forces at the edge, 
thus increasing high frequency radiation. 
Tip vorticity causes separation in the tip region. This increases the turbulence 
intensity in the tip region, and thereby the noise radiated at the trailing edge. 
Laminar Boundary Layer vorticity. This is often not thought to be important for 
wind turbines, as they generally operate at high Reynolds numbers, and so have 
turbulent, not laminar, boundary layers. However, under some circumstances, it 
may be possible for the pressure side of the aerofoil to remain laminar, whilst the 
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suction side is turbulent. If an acoustic wave from the suction side coincides with 
the resonant frequency for vortex shedding on the laminar side, a loud screeching 
noise may be heard. This is called Tollrnien-Schlicting instability, and occurs 
only at certain air speeds and angles of attack. If the machine is pitch regulated, 
it may be possible to change the pitch to avoid the resonance. It has been 
suggested that this mechanism may be responsible for an intermittent screeching 
noise at one UK wind farm, but, so far, this has not been proven. 
The noise mechanisms are illustrated schematically in Figure 3-2 (from 
Brooks et al.[]). 
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3.7 General Experimental Techniques for 
Determining Noise Emission from 
Aerofoils in Wind Tunnels 
Verifying theoretical predictions for sound emission is a difficult task. One of the 
problems lies in deciding criteria for comparing data taken at different 
frequencies, with different Mach numbers or with different sizes of aerofoil. 
When comparing data, there are at least three considerations which must be 
borne in mind: 
the viscosity 
the compressibility 
the degree of vortex shedding. 
The Reynolds number is the most common scaling factor for the effects of 
viscosity and is given by 
Re = pUd/p 
where, as before, p is the fluid density, U the air velocity, and p is the fluid 
viscosity. The value d is a characteristic length of the emitting surface and in the 
case of an aerofoil is normally taken as the chord. 
The Mach number describes the compressibility. 
Co 
The Strouhal number describes the ratio of the frequency of radiation from a 
solid object to the characteristic frequency of radiation from that object. 
St 
	fd 
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In this equation, f is the frequency of the acoustic radiation and d is a 
characteristic length scale, for example, the boundary layer thickness. Strouhal 
number comparisons have been used extensively for all types of aerodynamic 
noise (turbulent boundary layer noise, tip noise, separated flow noise). Different 
length scales are appropriate for each noise source, eg, for trailing edge noise, the 
length scale taken is the boundary layer thickness, whereas for tip noise, the 
length scale is the spanwise extent of separation caused by the tip vortex. A 
normalised noise level can be defined such that the sound pressure level at a 
given Strouhal number is a function of the ratio of that Strouhal number to the 
peak Strouhal number. Experimental investigations by Brooks et al. [6] indicate 
that different noise mechanisms have different dependences on Strouhal number. 
For example, bluntness vortex shedding produces intense noise over a small range 
of Strouhal numbers, whereas trailing edge noise is less sensitive to Strouhal 
number. In addition, the shape of the normalised noise spectrum may depend on 
Reynolds number. See Figure 3-3. 
3.8 Inflow Turbulence Noise 
The simplest realistic theory for inflow turbulence noise is the thin aerofoil 
theory, which assumes that, as far as unsteady forces are concerned, the aerofoil 
can be represented as a two dimensional flat plate. The basic theory is given by 
Goldstein [31, as follows. 
Let the aerofoil be stationary, and subject to a steady air flow, of speed U, 
with a small fluctuating component it5 superimposed. The net velocity at the 
aerofoil is v, where 
V1U+Ug. 
	 (3.49) 
The equations of continuity and momentum conservation can be written as 
bug 
 + 	= 1 V 	(3.50) Sr Sy 	P0 
unction A 
evel, dB -10 
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Figure 3-3: NORMALISED NOISE SPECTRA FOR DIFFERENT STROTJHAL 
NUMBERS, top TURBULENT BOUNDARY LAYER TRAILING EDGE NOISE AND 
bottom SEPARATED FLOW NOISE, TAKEN FROM BROOKS ET AL. FIGURE 78 
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and 
V ug =0. 	 (3.51) 
In the absence of the aerofoil, let the gust fluctuation be u c,o , and let the 
effect of the aerofoil be to introduce an extra velocity w, which is negligible at 
large distances from the aerofoil. 
Ug = U00 + Wj 
	
(3.52) 
It turns out that both u 00 and wi satisfy the continuity and momentum 
equations separately, and that w is irrotational at all points except across a 
trailing edge vortex. Since the flow is inviscid, the net normal velocity at the 
aerofoil is zero. 
ni U+nu00 +nw=O 	 (3.53) 
where, as before 
n = unit normal vector to the surface of the body. 
The aerofoil is assumed to lie in the yjys plane. w and u, can be expanded 
as a Taylor series at the aerofoil. Goldstein shows that to the first order of this 
expansion, the fluctuating lift is affected only by the upwash component of the 
gust. To first order, the aerofoil camber and thickness affect only the steady 
forces. However, a more complete analysis by Goldstein and Atassi [11] shows 
that coupling between camber and thickness can have a second order effect on 
the fluctuating forces. 
The other consideration to be taken into account is the effect of periodic 
gusts on the trailing edge. The Kutta-Joukowski condition states that whenever 
the circulation around the aerofoil changes, a vortex is shed from the trailing 
edge. This amounts to an additional boundary condition upon the gust velocity 
W, whose tangential component is discontinuous across the trailing edge vortex 
sheet. This analysis was first performed by Sears [12]. The pressure difference 
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across the plate is a function of the frequency of the incoming gust. The Sears' 
function is given by 
	
1 	 (3.54) 





and K0 and Kj modified Bessel functions. 
The variable 77 is known as the reduced frequency, and S(ij) is 
often called 
the response function of the aerofoil. Sears' work was extended by Amiet [\C1 
to account for the response at higher frequencies, where the flow can no longer 
be considered fully incompressible. This point is discussed further in the chapter 
about noise prediction codes. Amiet shows that gusts aligned parallel with the 
aerofoil edge produce the most noise, while noise from skewed gusts at different 
blade positions interferes destructively. However, Amiet is considering aeroplane 
wings, for which the air velocity is the same at all stations. For wind turbine 
rotors the net air speed increases down the blade. Since sound presure is 
predicted to be strongly dependent on air velocity, the sound emitted by the tips 
is far stronger than that emitted inboard and thus destructive interference 
between inboard and outboard sections can be ignored. Amiet's papers also 
include detailed comparisons of surface pressure measurements with far field 
sound measurements. 
Goldstein and Atassi [11] discuss the distortion of the incoming gust by a 
thin, cambered aerofoil. The conclusion of the first paper is that the steady state 
potential flow of the aerofoil distorts the incoming gust considerably, changing 
both its wavelength and its amplitude. At large distances from the aerofoil, the 
change in amplitude of the gust is proportional to the steady state circulation. 
w(r -.* oo) 	cc r(U) 	 (3.56) 
The steady state potential distorts high frequency gusts more than low 
frequency ones, with the result that the response function is more sensitive to 
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frequency at high frequency. Using a 'potential matching' argument, as discussed 
earlier, they develop a theory for coupling effects between angle of attack, 
thickness and camber. 
In his second paper on the subject, Atassi [17] reconsiders the question of 
coupling. He concludes that, for a thin aerofoil, the coupling effects on unsteady 
flow velocities at the moderate to far field, are very small. Thus if the aerofoil is 
thin, the camber slight, and the angle of attack small, then the velocity field can 
be expressed by superimposing separate terms for the thickness, camber and a in 
a linear fashion. 
Kelley and McKenna et al. [18] performed some ingenious experiments to 
investigate inflow turbulence noise from the large upwind MOD-2 wind turbine 
in the USA, measuring turbulence parameters by hot wire equipment suspended 
from a balloon upstream of the turbine. Measurements of the surface pressure on 
the blades and the far field SPL's in several directions were also made. 
Accounting for the time delay between the hot wire measurements and the 
pressure measurements, they found that the longitudinal components of the 
turbulence contributed most to the A weighted sound level. 
3.9 Trailing Edge Noise 
As already discussed in section 3.5, there are two principal theories of trailing 
edge noise. The first describes the vortex shedding at the trailing edge and the 
resulting unsteady potential. The second relates the fluctuating surface pressure 
to the far field sound. 
3.9.1 Trailing Edge Vorticity Theory 
Howe [19] used the matching potential method to show that the far field sound 
pressure is proportional to the rate at which vorticity crosses streamlines at the 
trailing edge. This vorticity is formed in the boundary layer. The refined theory 
also considers vorticity shed due to the Kutta condition, and since this is in the 
opposite direction to that in the boundar y layer, the sound is minimised. 
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3.9.2 Fluctuating Surface Pressure Theory 
The alternative method aims to relate the fluctuating surface pressure to the far 
field sound. Goldstein [3] shows that the cross-correlation of fax field sound with 
the surface pressure fluctuations is proportional to the time derivative of the 
autocorrelation of the surface pressure i.e. 
SP(r)p(r + t) oc .L SP(r)SP(r + t) 	 (3.57) 
where 
SF = surface pressure 
p = acoustic pressure. 
The surface pressure fluctuations can often be estimated from boundary 
layer theory, or alternatively calculated from surface velocity measurements 
taken with hot wire probes. Surface pressure fluctuations are often referred to as 
"pseudo sound". The result of this calculation forms the basis of several noise 
prediction theories, particularly those concerned with the trailing edge. One of 
these studies is the wind tunnel work by Brooks et al. [6] which in turn has been 
used as the basis of the present prediction code. 
3.10 Separated Flow Noise 
Before describing the mechanism of separated flow noise, it is necessary to clarify 
the terms separated flow, deep stall and bluff body. 
1. Separated Flow 
Separation generally occurs at the trailing edge of an aerofoil, but may occur at 
the leading edge under certain circumstances, particularly for slender aerofoils, 
such as the NACA 0012. 
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At low angle of attack, the pressure near the leading edge of the aerofoil is 
greater than that at the trailing edge. Thus the flow velocity increases from the 
leading to the trailing edge. At moderate to high angles of attack an adverse 
pressure gradient may occur, slowing the flow velocity close to the aerofoil 
surface. At still higher angles, flow close to the surface may be reversed. An 
eddy is formed, over which the boundary layer (together with its vorticity) 
convect downstream. Since the boundary layer has now been separated from the 
surface, this condition is known as trailing edge separated flow. Separation alters 
the aerofoil lift coefficient, which is given by Kirchhoff's law: 
ci = 27r( + 
	 (3.58) 
2 
f, is the fraction of the chord over which the boundary layer is separated. 
For leading edge separation, the boundary layer reattaches at a point further 
downstream and the eddy becomes a separation bubble. The separation bubble is 
not stable, and gradually convects downstream, being replaced by new eddies. 
2. Deep Stall 
At higher angles of attack, the flow is separated over almost the entire chord. 
This condition is known as deep stall. Due to the random nature of the flow at 
the trailing edge, the circulation changes constantly, causing the whole aerofoil to 
emit coherent, low frequency sound. 
At very high angles of attack, the aerofoil behaves as a bluff body. There is no 
longer any circulation, and the wake is large and turbulent, just as it would be 
behind any non-streamlined body. 
The turbulent forces and stresses in any separated flow are large. Both dipole 
and quadrupole noise emission can occur, the dipole emission caused by the 
surface pressure fluctuations, and the quadrupole emission caused by the stresses 
in the fluid wake. However, it is important to realise exactly which type of flow 
is being considered. Bluff body noise has been studied in detail by several 
authors and the results from these studies have been applied to wind turbine 
noise predictions. It is debatable whether they are in fact applicable, as the 
angles of attack of wind turbines are not generally very high. A brief review of 
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bluff body noise work is given here, followed by a description of the separated 
flow noise work performed by Brooks et al. [6] 
3.10.1 Bluff Body Noise Experiments and Theory 
Maruta and Kotake [20) showed experimentally that for a flat plate at high angle 
of attack, the far field sound is correlated with the surface pressure fluctuations 
rather than the wake pressure fluctuations, indicating that the principal sources 
are dipoles. 
The Ffowcs-Williams-Hall expression for the far field acoustic pressure can 
thus be simplified to Curle's equation. Using the measured surface pressure 
fluctuations in Curle's equation, Maruta and Kotake were able to make accurate 
predictions of the far field sound. In general, however, the surface pressure 
fluctuations must be estimated. Nelson and Morfey [21) assumed that the forces 
acting are largely drag forces, and also that the fluctuating drag forces are 
proportional to the steady-state ones. The constant of proportionality is a 
function of the Strouhal number, St = f c/U. 
Fdrms = K(St)F4 	 (3.59) 
where 
= root mean square fluctuating drag pressure 
Fd = steady state drag 
K(St) = constant of proportionality 
f = frequency of the fluctuation 
c = chord 
U = flow velocity. 
They calculated the variation of the constant with Strouhal number for a 
flat plate at 90 degrees to the flow in a narrow duct. Clegg et al. 112..1 made use 
of this empirical relation in their noise prediction code for wind turbines. 
Subsequently, Oldham and Ukpoho [23] extended Nelson and Morfey's work to 
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cover a range of attack angles between 20 and 40 degrees. They found that 
K(St) was not very sensitive to angle of attack for angles greater than 25 
degrees. Results at lower angles of attack were significantly different, although 
no explanation was offered for this. 
3.10.2 Separated Flow Noise Experiments 
There are comparatively few published studies of separated flow noise emission 
from aerofoils. Brooks et al.to] used a thin aerofoil in a wind tunnel and 
measured variation of boundary layer thickness, displacement thickness and 
momentum thickness with angle of attack. They found that the peak Strouhal 
number increased and that spectra became narrower with increasing angle of 
attack, up to stall. After stall, noise emission increases dramatically, as radiation 
is emitted from the whole aerofoil. 
3.11 Tip Vortex Noise 
Any three dimensional blade loses bound circulation due to flow around the tip 
from the pressure side to the suction side. This is known as tip loss. The degree 
of tip loss depends on the angle of attack, the blade geometry and the blade 
aspect ratio, (which is defined as AR = b 2 /S, where b is the blade span and S 
the blade planfrom area). The lifting line or horseshoe vortex model is a 
convenient description and the elements of this theory which are important for 
the understanding of tip vortex noise are discussed below. 
3.11.1 Lifting Line Theory 
The circulation lost from any one spanwise section of the blade reappears as a 
trailing vortex behind the blade, as shown in Figure 3-4. The equation is 
dI'(y) = 
dr 
 dy 	 (3.60) 
dy 
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where y is the spanwise coordinate. This trailing vortex induces a downwash 
velocity at all other points on the blade, with the magnitude of this velocity 
given by the Biot-Savart Law 
- dF(y) 1 	 (3.61) dw(yo,y)— 
47r Y — Yo 
where 
dw(y o , y) = downwash velocity at 3(0  caused by vortex dl' at y 
dr(3() = circulation of vortex situated at Y. 
If we sum the effects of all spanwise vortices on the downwash at 3(0  we find 
that 
W(YO) = 	
lb dr/dy dy 
	 (3.62) 
0 yo3( 
where b is the blade span. 
The downwash has the effect of lessening the angle of attack, thereby 
lessening the bound circulation (I' = ircua), hence lessening dr/dy. An iterative 
procedure may be used to determine the bound circulation at all points along the 
blade span. We can consider the trailing vortices as a vortex sheet behind the 
blade. The strength of the vortex sheet generally varies along its length (the 
exception being for an elliptical planform, with uniform air velocity at all 
spanwise stations). In the case of a rotating blade, the vortex sheet is usually 
strongest at the tip. Downstream of the blade, the vortex sheet begins to roll up. 









t f;,ng line 
: 
Figure 3-4: BOUND AND TRAILING VORTICES FROM A BLADE 
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3.11.2 Studies of Tip Vortex Structure 
Several experimental studies (Francis and Kennedy [24], Mclnery and 
Meecham [25], Maskew [26] and Shivananda et al. [27]) indicate the presence of a 
primary tip vortex emanating from the suction side and a secondary vortex 
which originates near the leading edge on the pressure side. Francis and 
Kennedy traced the motion of the secondary vortex and found that it moves 
from the pressure to the suction side. They suggest that an approximate 
estimate of the vortex reattachment point can be made by drawing a line from 
the pressure surface stagnation point parallel to the mean undisturbedfiow 
direction. The point at which this line intersects the suction surface is the vortex 
reattachment point. Shivananda et al. give detailed graphs of pressure contours 
very close to the tip of a model helicopter rotor, which indicate that the flow 
becomes highly complex after about 40% of the chord length from the leading 
edge. This is the reattachment point. As the turbulent flow passes over the 
trailing edge, high frequency sound is generated. The mechanism is essentially 
the same as that for trailing edge noise and is discussed by George et al. [28]. 
Shivanada's graphs are reproduced in Figure 3-5. 
b) x/c - .20 
C) ,Jc * .60 
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Figure 3-5: PRESSURE CONTOURS WITHIN A Tip VORTEX 
Chapter 3. AeroacoustiC Theory 
	 102 
3.11.3 Studies of Noise Emission 
Any calculation of tip vortex noise must include an estimate of the area of 
separated flow at the tip and an estimate of the average surface pressure 
fluctuations in this region. The area of the separated region depends strongly on 
the tip geometry and the circulation distribution of the whole blade. This means 
that the most valuable experiments are those that have been performed on full 
scale machines. However, some useful experiments have been carried out in wind 
tunnels. These fail into two categories: 
1, those that consider the effects of tip shape on the flow, for example Tangler et 
al. [29] and Maskew [26] 
2. those that measure the degree of turbulence near the tip and relate it to the far 
field sound, for example Brooks, Pope and Marcolini [30]. 
Maskew used the vortex panel method (a three dimensional lifting line 
method) to calculate unsteady loads on a variety of tip shapes which oscillated 
around a small mean pitch angle. In his program, the length of the separated 
flow region can be specified by the user. On inboard sections of the blades, the 
unsteady lift was not influenced by tip shape. However, over the last third of the 
blade, tip shape was found to have a strong influence on the unsteady lift, the 
ogee shape having the highest unsteady lift coefficient and the swept and 
rectangular shapes the lowest. 
Brooks, Pope and Marcolini calculated the increase in sound per unit span 
when a two dimensional aerofoil section was replaced by a similar section with a 
rounded tip. The experiment was repeated for a range of chord lengths, angles of 
attack and air velocities. All their experiments were performed in an anechoic 
wind tunnel. Lifting line theory was used in order to calculate the true angle of 
attack at the tip and the spanwise extent of separated flow was estimated by 
measuring turbulence contours at the tip. A Strouhal number was calculated 
from the length I of the separated flow region 
St - 1! 	 (3.63) 
U 
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and correlated with the far field sound pressure. It was observed that the 
sound pressure peaked at a Strouhal number of 0.5. The tip vortex strength is 





CLM = geometrical angle of attack (no account of tip loss) 
= lift per unit span 
C = chord 
F=ircU. 
/ SL'\ 	= lifting line slope that would exist in the absence of tip loss. 
The separated flow length is proportional to the tip vortex strength. 
I cc rtip 	 (3.65) 
The constant of proportionality in equation 3.64 was taken to be 
K1 = irUc( SL' --)m am. 	 (3.66) 
The constant relating the lift slope to the separated flow length depends on 
the chord and the shape of the blade. In effect, Brooks et al. were able to 
correlate directly the sound pressure and the lift distribution of the blade. It 
should be possible to apply this method to any rotor for which the lifting line 
distribution is known. There remains the question of how far inboard the lifting 
line slope should be calculated and how radial flow influences the separation. 
3.11.4 Full Scale Tip Noise Measurements 
Full scale measurements to investigate the influence of tip geometry on noise are 
currently being carried out by Bent Andersen et al. of dk-Teknik, Denmark. A 
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variety of tip profiles shown below have been tested on a 300 kW, 30 m rotor (see 
Figure 3-6). Preliminary results indicated that the quietest configuration for this 
machine is the ogee shaped tip, which results in a 7 dB(A) reduction in noise 
when compared to the noisiest tip (which is slightly swept back). Both low 
frequencies (63-315 Hz) and high frequencies (> 1 kHz) are reduced. The reason 
for the noise reduction may be that the tip vortex does not reattach to the blade, 
thus a region of separated flow is not formed. Detailed flow measurements are 
being made to confirm whether or not this is the case. 
It must be stressed that the tip geometry can not be considered in isolation, 
but only in conjunction with the remainder of the blade. A 'quiet tip' may be 
quiet only for a range of blade designs, e.g. heavily twisted blades, and may not 
diminish noise emission from other blades. Eggleston and Starcher's study [31], 
of flow visualisation of wind turbine rotors gives an indication of just how much 
the aerodynamic conditions can vary even for machines with reasonably similar 
tip speed. A rigorous understanding of tip noise (and indeed stall noise) will 
probably be best attained by combining noise measurements and flow 
visualisation. Interestingly, Andersen et al. found that the electrical efficiency 
was unaffected by tip geometry. It can not be assumed that this will always be 
the case. 
JI1aIJCI U. flCITJCWLLO1t .L IIC1JLJ 
Direction of rotation 
Figure 3-6: TIP SHAPES USED BY DK-TEKNIK 
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3.12 Parametric Effects on Wind Turbine 
Aerodynamic Noise Radiation 
From the above discussion, the main parameters governing wind turbine noise 
are as follows (not necessarily in order of importance) 
tip speed 
chord length 
angle of attack (which is a function of rotational speed, blade twist, pitch, coning 
angle and wind speed) 
aerofoil profile 
tip shape 
trailing edge bluntness 
As already stated, the theory of trailing edge noise has been studied in 
detail, and the general consensus is that a sharp trailing edge minimises noise 
emission. Most manufacturers have altered their blade design accordingly, with 
values as low as 0.2% of chord being used by Polymarin BV and WEC. However, 
recent experiments Ly Andersen & Jakobsen [3%] indicate that theory may be too 
sensitive to bluntness, and that there may diminishing returns in manufacturing 
ever sharper trailing edges. 
LowsonLa] gives the following table to describe the effects of various design 
parameters on broadband noise emission. Self-noise refers to mechanisms such as 
turbulent boundary layer-trailing edge noise, trailing edge bluntness vortex 






 Geometry  
Installation 
Self Noise Q56 weak none strong weak 
Inflow Turbulence Q4 strong strong weak weak 
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This question is investigated further in chapter 5 of this thesis, and the 
conclusions drawn are substantially different. 
3.13 Rotor Design and Noise Generation 
A rotor designer generally starts with three known quantities: the power 
required, the average wind speed of the site and the assumed distribution of 
wind speed. The parameters which must be chosen are rated wind speed, the tip 
speed, the diameter, the number of blades, the chord and twist distribution and 
the aerofoil profile. From the point of view of minimising aerodynamic noise, the 
tip shape should be added to this list. The rated wind speed is the speed at 
which the rated power is produced. At wind speeds above rated, some kind of 
control must be used to limit power production. The rated wind speed is 
generally chosen to be between 1.5W and 3W, where W is the average wind 
speed. 
By definition, the power of a rotor is equal to the product of the torque Q 




Consequently, for a given required power output, the designer must decide 
between a high tip speed low torque rotor and a low tip speed high torque one. 
For any rotor, the torque is given by 
Q = BpW 2 j r[cj(r)sine4(r) - cd(r)coscb(r)] c(r) di' 	(3.68) 
where 
B = 	number of blades 
W = 	free stream wind speed 
c(r) = 	local chord 
CI (r) = 	local lift coefficient 
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cd(r) = local drag coefficient 
(r) = a(r)+9 
a = angle of attack at r 
0 = pitch angle. 
Of these variables, cj and Cd are functions both of the aerofoil and the tip 
speed (for an assumed freestreani windspeed), and a is a function of the pitch, 
twist and tip speed. 
3.13.1 Influence of Tip Speed on Rotor Design 
Figure 3-7 shows the dependence of the aerodynamic power of a given turbine on 
the tip speed, Q for different wind speeds. Both high and low solidity rotors are 
shown. The maximum power for a given wind speed occurs at a specified value 
of 12. Above this value, the aerofoil drag (which increases with the square of tip 
speed) becomes dominant, and the power falls. The locus of maximum power 




Figure 3-8 shows the influence of tip speed on the torque. The locus of 
points of maximum torque follows a curve proportional to the square of the tip 
speed. 
Cq ,mat oc 
	
(3.70) 
The quantity B?/irR, where B is the number of blades and? is the average 
chord, is the solidity and is denoted a-. It is defined as the ratio of the blade area 
to the swept area. The local solidity is given by at = Bc(r)/27rr. As can be seen 
from equation 3.68, for a given rotational speed, the torque is proportional to the 
product of solidity and radius squared. 
The high solidity rotor provides power at a lower tip speed than the low 
solidity one, and also produces a higher starting torque. This type of turbine is 
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often used for pumping water. Turbines used for electricity generation require 
high tip speeds in order to produce significant amounts of power. They are 
generally of low solidity, and therefore provide relatively low starting torques. 
However, they have flatter C. versus A curves, which means that the power 
produced from this configuration is less sensitive to wind speed. 
Finally, Figure 3-9 shows the variation of power coefficient versus tip speed 
ratio for a range of pitch angles. 
3.13.2 Influence of Number of Blades on Rotor Design 
Increasing the number of blades can increase the energy capture marginally, and 
reduce cyclic loads, but also increases the cost and weight of the rotor. Low tip 
speed rotors, such as are used for pumping water may have as many as forty 
blades, while high tip speed aerogenerators usually have two or three blades. 
Some prototype machines have also been built with only one blade. Figure 3-10 
shows the influence of number of blades on the power and torque coefficients. 
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Figure 3-7: THE DEPENDENCE OF AERODYNAMIC POWER ON TIP SPEED 
FOR DIFFERENT WIND SPEEDS (Jak') 
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Figure 3-8: THE DEPENDENCE OF TORQUE ON TIP SPEED FOR DIFFERENT 
WIND SPEEDS left HIGH SOLIDITY ROTOR AND Right Low SOLIDITY ROTOR 




Figure 3-9: POWER COEFFICIENT VERSUS TIP SPEED RATIO FOR A RANGE 
OF PITCH ANGLES 
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Figure 3-10 POWER AND TORQUE COEFFICIENTS VERSUS NUMBER OF 
BLADES 
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Influence of Blade Profile on Rotor Design 
The blade profile entails both the twist and chord distributions. Optimisation of 
blade profiles for constant rotational speed machines is discussed by 
Anderson [35] and Morgan and Garrad [36]. Both agree that the blade should 
be optimised to produce maximum mean annual power, i.e. to maximise 
P = pirR 
JWf w 3P(W)cP') dW 	 (3.71) 
wc 
where 
= power coefficient for the whole rotor 
P7(W) = probability of wind speed W. 
A blade element code is used to calculate the rotor power curve of an 
assumed design, and this is combined with the wind speed distribution curve to 
give the average annual power output. A simplex routine is used to iterate the 
blade profile (twist and chord distribution) until the maximum annual power is 
attained. Constraints such as the maximum and minimum allowable chord or 
twist may be incorporated. Morgan and Garrad compared the energy extracted 
using this approach to that extracted using the more traditional approach of 
maximising the power coefficient for each radial station, and find that there is a 
significant improvement. They found that the ideal blade profile had larger root 
chord and twist and smaller tip chord than conventional C maximised designs. 
Morgan and Garrad also extended their analysis to optimising costs effectiveness, 
again using a simplex routine. If a reliable noise prediction code were written, it 
could be incorporated in the rotor design using a similar technique. 
3.13.3 Types of Horizontal Axis Wind Turbines 
Horizontal axis wind turbines can be classified according to the method of 
control employed to limit the power output in high winds. The main types of 
machine in current use are: 
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Stall regulated. 
Full-span pitch controlled. 
Partial-span, or tip pitch-controlled. 
Variable speed; either pitch or stall controlled. 
Stall Regulation 
Stall regulation is used on small to medium sized machines, typically of less 
than 150 kW output. Careful choice of the aerofoil and blade twist distribution 
ensures that most of the blade is stalled at high wind speeds. Thus the lift 
coefficient is unresponsive to changes in angle of attack, and the resulting torque 
is insensitive to gusting. In practice, there is not a sharp power cut-off, and 
transient power overshoots may still occur above rated windspeed. Manufacturers 
often use a di sproportionately large generator to absorb this extra power. 
Full-Span Pitch Control 
Full span pitch control is used on medium to large machines, of output greater 
than about 150 kW. To limit the power at high wind speeds, the angle of attack 
is reduced by increasing the pitch angle of the whole blade. Most of the blade 
remains below stall at all times, so the lift coefficient remains highly sensitive to 
angle of attack. 
Tip Pitch Control 
On a tip-controlled wind turbine the inner part of the blade is fixed, but the 
pitch of the outer portion may be varied. At wind speeds below rated, the tip is 
kept in line with the rest of the blade, and generates power. Above the rated 
wind speed, the pitch angle of the tip is increased to limit the power output. In 
high winds the inner portion of the blade becomes stalled, and has a power 
characteristic similar to that of a sta
ll-regulated machine. The pitch angle of the 
tip tends to be increased sharply at the onset of rated wind speed, but gently 
thereafter, when much of the power control is effected by the inner, stalled, 
portion of the blade. 
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Variable Speed Control 
A variable speed turbine operates in such a way that the rotor speed is 
proportional to the wind speed, up to a limit determined by the rating of the 
generator. Above this limit, either full-span or partial span pitch control may be 
used to reduce the power. 
The main advantages of variable speed turbines are listed below 
The power output is higher, due to operation at maximum 
aerodynamic 
effi&ency over a wide range of wind speeds. 
The mean lift coefficient is relatively insensitive to turbulence, thus reducing 
loads considerably. 
Aerodynamic noise is low at low wind speeds, where it is most likely to be 
noticeable. 
The German company, Floda, has used the variable speed concept for its 
500 and 600 kW turbines; with sucess. However, on the minus side, the generator 
is more expensive than for fixed speed, and frequency converters are necessary 
before the power can be fed into the grid. The output from variable speed 
turbines may not be suitable for weak grids. 
3.13.4 Effects of Control Method on Noise Emission 
It is to be expected that the method of power control used by a wind turbine will 
have an influence on the aerodynamic noise of its rotor. With the exception of 
variable speed control, the difference between control methods may not be 
significant at low windspeeds since in all cases the blade is almost completely 
unstalled, and therefore under these conditions a stall regulated machine behaves 
like a tip or full-span pitch regulated one. 
Near and above rated wind speeds, however, a difference in sound may be 
heard with the different control methods. For a pitch regulated machine, inflow 
turbulence should remain an important noise source, as the aerofoil remains 
responsive to changes in angle of attack. For stall and tip regulated machines, 
inflow turbulence noise should diminish, but separated flow noise become 
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important. On a tip-controlled machine, vortex shedding from the tip joint could 
also be a significant noise source. 
Variable and two speed turbines can offer 
significant advantages for noise 
control; complaints c
oncerning turbine noise are most likely to occur in low 
winds, when ba
ckground noise is also low. A variable s
peed turbine will increase 
its rotational speed gradually as the wind increases, while a two speed rotor is 
designed to rotate at low rpm and then switch to a higher 
rotational speed as the 
wind increases above a certain threshold. Despite the extra complexity involved 
in design, several large wind turbines have used the variable speed strategy, 
notably the Floda 600 and WEG LS1 turbines. Two 
speed or variable speed 
turbines probably offer the best means of developing large turbines for on-shore 
wind farm development in mo
derately populated areas. 
Despite debate on which control mechanism could best be used to minimise 
noise emissions, there is a shortage of good data from which direct 
comparisons 
could be drawn. A very simple but i nstructive 
experiment would be to take 
sound data from a single machine adapted to run 
successively under stall control 
and then pitch control. 
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3.14 Summary of Chapter Three 
The theoretical bases of aerodynamic noise have been discussed. It is noted that 
the main parameters influencing aerodynamic noise are air velocity at the blade, 
angle of attack, chord, aerofoil profile and tip shape. Most theories predict a 
dependence of SPL oc U56  for self-noise mechanisms, that is, all mechanisms 
except inflow turbulence, which is generally predicted to be less sensitive to the 
relative air velocity. Theoretical analyses tend to predict noise for the peak 
Strouhal number. 
Experimental investigations indicate that some noise sources, for example 
bluntness noise are more sensitive to Strouhal number than others (e.g. 
separated flow noise). In fact, the Strouhal number is not a perfect scaling 
parameter, and this point is discussed further in chapter six. The approximate• 
frequency ranges of each noise source are given. Depending on the conditions, 
different noise sources can be dominant. For example, at high angles of attack, 
separated flow noise is dominant, while at low angles of attack, inflow turbulence 
noise may be more important. 
It appears that tip noise can be diminished by judicious choice of the tip 
profile, but it is not yet clear which tip profiles are suited to which sizes of 
machine. The most instructive tip noise experiments have been made on 
full-scale machines, rather than in wind tunnels; the reason for this is that the 
tip vortex strength depends on the lift profile of the whole blade, and therefore 
cannot be replicated for a short wing span. In the past, trailing edge bluntness 
noise has presented a considerable problem, but most manufacturers now go to 
great lengths to sharpen the aerofoil trailing edge. 
In order to put the study of aerofoil noise in the perspective of wind 
turbines a brief review of wind turbine rotor design has been included. 
in 
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3.15 Appendix - Green's functions 
3.15.1 General Green's formula 
We require a formula which relates the solution to the inhomogefleous 
un
iformly-moving medium wave equation to the distribution of sources, i and 
the pressure at the solid boundaries. 
2 	1 D20p- —y(y,r) 	 (3.72) 
Let C be a fu
ndamental solution to the above equation in a volume v(r) 
bounded by a surface 5(r) 
V2  - iDG = —S(t - r)S(x— y) 	 (3.73) 
4Dr' 
Causality must hold, i.e. if t cr then 
(3.74) 
- - Dr 
3.15.2 Derivation of Green's formula 
Green's formula states that 
v(T) 
- B:) dS(y) = j (AV2B - BV 2 A) dy, 	
(3.75) 
Jo 	Sn 	Sn 	 0 
where SA/Sn = n VA. 
If we apply Green's theorem to p and C and 
integrate with respect to time r, we find that 
+T vfr) 
[5(T) 	5 
/ dr j (a1 - 	dS = I I (GV2P - PV 2 G) dydr (3.76) 
J-T 	0 	 Sit 	
-T 0 
since 
1 52jj 	 (3.77) 






 +U2_ 	 (3.78) 
Dr2 - Tr, —5Y 	SYi 
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Equation 3.76 can be rewritten as follows 
	
1 j+T 	vfr) D 2 p 	D2 C S(r) 	5 
dr 	
(CZ —pr)  dS = -j 	drJ (G-
2— _p -n2_) dY 
-T 0 	Dr 
J-T 	Jo Sn + T v(r) -  L dr J (G'(y, r) - S(t - r)S(y - x)p) dy T  
We can rewrite the first term on the left hand side as 
Dop D0G 5(GPS_ D0G 	6--(G- 	
D0G 
Dr2 —p-5—P5. Dr pm_)+ U s 	Dr 
(3.81) 
and can replace the volume integral (denoted VI in the following equation) 
by a surface integral using the divergence theorem 
-T 	a 	LIT 
_PDr)dS(Y)• 
o 	Dr 	
Dr dy IT _J drf 
D0G 
VI 
= 1vfr)D op D0G 	
T 	5(t) 	 ____
The first term on the right hand side vanishes at r = T, because of the 
causality condition, and if we are looking at stationary, rather than transient 
data, we can assume that effects in the distant past are negligible. Therefore, we 
can ignore the first term on the right hand side of the above equation. 
After simplification, the generalised Green's formula becomes 
Iv+Is = p(x,t) 
provided that x is within v(r). The quantities 1v 
and Is are given by 
T 	v(r) 
Iv 









In these equations, V,,. = (V5 - itt) . 
n that is, the velocity of the surface 
normal to itself and relative to the fluid frame, which is moving at 
itt. 
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3.15.3 Boundary Conditions and Green's formula 
See Goldstein [3]. 
For small amplitude oscillations, the boundary conditions at a solid surface 
usually impose linear relations between the pressure and its derivatives at the 
surface. For example, if the flow is impermeable, the normal acoustic velocity at 
the surface u . n must be zero, where u is the velocity fluctuation. 
The boundary condition for pressure which applies at the surface is 
=nVp=O. 	 (3.82) 
'Sn 
The generalised Green's formula contains complicated surface integrals from 
which G, p and 6p/6n can not be separated. However, we can use the boundary 




= S(t - r)S(x - y), 	(3.83) 
St 2 
we substitute C into the boundary conditions given, and solve them for C. 
We then replace this solution for C into the generalised Green's formula to find 
Ax, t). 
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Chapter 4 
Measurements of Noise Emission from 
Three Wind Turbines 
4.1 Summary of Chapter 4 
This chapter describes the results of some new noise measurements from three 
different designs of turbine. These included a large machine with medium tip 
speed (the Howden 750 kW), one medium machine with high tip speed (the 
Wind Energy Group MS1) and one small machine with low tip speed (the Vestas 
75 kW). The measurements were intended to answer the following questions: 
How does wind speed affect noise? 
Is the noise radiated preferentially in any one direction? 
In the case of pitch controlled turbines, what effect does pitching the blades have 
on noise? 
Measurments from the V 75 kW and the MS1 were made in third octave 
bands, averaged over two minutes. For these measurements, no narrowband 
analysis equipment was available. Noise from the Howden 750 kW was measured 
in octave bands, again over 2 minute periods In addition, some recordings of 
mechanical inside the nacelle were taken, and these were subsequently analysed 
in narrow bands. In each case, noise measurements were correlated with 
estimated hub-height wind speed calculated from measured power. 
The principal results of these measurements were as follows: 
1. Noise emission at low frequencies (< 200 Hz) appears to increase with wind 
speed for all three turbines. 
126 
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It is not clear whether noise at high frequencies is affected by wind speed. 
Measurements for the Howden 45/750 between 8.1 and 11.0 rn/s do not show a 
significant increase in noise in the kHz range. Comparisons of noise from the 
V17/75 at 8.5 and 12.25 rn/s appear to show a shift in the second spectral 
'hump' from 2 kHz to 4kHz. However, comparisons of data taken at 8.0-9.0 rn/s 
at different distances indicate variation in 'hump' frequency from 2.0-2.5 kHz. 
Noise emission from the Howden 750 was found to be non-directional, while noise 
from the higher tip speed MS1 showed a slight decrease in the rotor plane. 
It appears that the pitch schedule may alter the spectrum. Noise measurements 
from the MS  indicate that noise below 2 kHz is reduced as the wind increases 
from 16.7 rn/s to 18.8 rn/s and the blade pitches to limit power, while noise above 
this seems to be similar for the two cases. This result lead to a more detailed 
examination of the effects of blade pitch on noise, discussed in chapter 7. 
4.2 Introduction 
Measurements from the HWP 45/750 kW turbine were made in collaboration 
with Howden Wind Turbines Ltd. of Glasgow, and the Energy Technology 
Support Unit, (ETSTJ) over a period of 2 weeks in September 1990. ETSU also 
supported the measurements of noise from the WEG MS1 and Vestas 
V17/75 kW, which were made over a period of 1 week in April 1991. Wind 
conditions were variable during the MS1 and V17/75 kW measurements, allowing 
a good range of data to be obtained, but were more stable during measurements 
from the HWP 45/750 kW. 
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Table 4-1: DESIGN PARAMETERS OF THE HWP 45/750, WEG MS1 AND 
VESTAS V17/75 
HWP 45/750 WEG MS1 Vestas V17/75 
Make James Howden Wind Energy Group Vestas 
Control Tip Pitch Stall 
Location Shetland Orkney Caithness 
Rated Power (kW) 750 250 75 
No. of Blades 3 2 3 
Rotational Speed (rpm) 30.0 88.0 46.0 
Rated Wind (m/s) 12.2 15.2 12.8 
Tip Speed (m/s) 70.7 92.2 40.9 
Hub Height (m) 35 16.3 25 
Diameter (m) 45 20.0 17.0 
Tip Span (%) 18% 20% not applicable 
Built 1988 1983 1986 
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4.3 Method 
The method used was similar to that recommended by the lEA and AWEA. All 
measurements were made using a plywood reflecting board, 1.4 x 1.4 square 
metres and 18 mm. thick. All data given in the tables and graphs have been 
corrected for reflection from the hard boards. The error on each measurement 
should be taken to be ±1 dB unless otherwise stated. 
The microphone was shielded using a foam wind shield. Measurements were 
made at a variety of distances from the tower base, including the standard 
distance R0 = H +D recommended by Henderson et al. and twice this 
distance. Wind conditions made measuring distances with tape measures 
difficult, so most distances were measured simply by pacing. The estimated error 
was ± 4 %. All data were taken between 2-6/4/91. 
In the case of the MS1, wind speed measurements were made at a height of 
48 metres and corrected to hub height using the 0.13 power exponent law. 
These measurements were averaged over ten minutes. In the case of the Howden 
45/750 and Vestas 17/75 machines, the power was monitored and the hub height 
wind speed estimated from the power curve. Power values quoted in the tables 
refer to overall power, which is calculated from the shaft power reading by 
assuming a drive train efficiency of 90%. 
L eq  measurements were made over an averaging period of 20 seconds, and 
third octave spectra obtained from 31.5 Hz to about 8 kHz, although in some 
cases, the signal at high frequencies was too weak to be detected. 
4.4 Instrumentation 
For the measurements of noise from the MS1 and V17/75 machines, a 
LUCAS-CEL 275/2 precision integrating sound level meter was used. The meter 
had three ranges, 80-140 dB, 50-110 dB and 20-80 dB. Both A weighting and 
linear weighting were available, as were both Sound Pressure Level (SPL) and 
Equivalent Continuous Level (Le g ). The weighting switch, which is used for 
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calculation of rms pressures was set to 125 milliseconds for all experiments. The 
meter was used in conjunction with a CEL-296/2 Third Octave Filter. The 
meter was calibrated before and after each experiment using a CEL-248/2 
acoustic calibrator, which emits a pure tone at 1 kHz and 114 dB. For the 
measurements of noise from the Howden 750 kW machine, a Brüel and Kjr 
sound pressure level meter type 2215 was used. As before, a 1 kHz calibrator was 
used before and after each experiment. 
4.5 Results from MS1 at Burgar Hill, Orkney 
The wind conditions for the measurements are given in Table 4-2. 
Table 4-2: MEASUREMENTS OF NOISE FROM MS1 
Distance (m) Wind Speed 
at hub height 
52 m upwind 16.7 
26 m upwind 18.8 
26 m crosswind 17.1 
26 m downwind 17.0 
52 m downwind 8.9 
15 m downwind 9.0 
78 m downwind 10.0 
26 m upwind 8.1 
Figure 4-1 consists of two graphs, the first of which shows measurements 
made at 8.9 and 16.7m/s, while the second shows measurements made at 8.1 and 
18.8m/s. It can be seen that, in both cases, the SPL at lower frequencies 
(31.5-200 Hz) increases with wind speed. However, for frequencies greater than 
about 250 Hz, the pattern is less clear; the noise at 16.7 rn/s is louder than that 
at 8.9m/s, but noise at 18.8 rn/s appears to be quieter than that at 8.1m/s. The 
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reason for this may lie in the power control mechanism. The MS1 is a tip 
controlled machine with a rated wind speed of 15.2 rn/s. As wind speeds increase 
above this value, the tip is pitched to lower progressively the angle of attack at 
the outermost segments of the blade. By using a standard blade element code 
(discussed further in chapters 5 and 6), the tip angles of attack were found to be 
as given in Table 4-3. 
Table 4-3: ANGLE OF ATTACK AT Tip, MS1 
Wind Speed 
rn/s 
Average Angle of Attack 






The angle of attack is very small and slightly negative at a wind speed of 
18.8 rn/s and consequently the boundary layer would be expected to be thin. 
This may account for the reduction in noise at high frequencies. Noise at low 
frequencies is caused by a different mechanism, inflow turbulence, which is 
discussed in chapters 3 and 6. Essentially the noise is due to the change in 
pressure on the aerofoil as it encounters gusts. The important parameters are the 
intensity of the gust, which generally increases with increasing wind speed, and 
the aerofoil pressure coefficient characteristics. 
Figure 4-2 shows the directionality of the source. Noise appears to be 
reduced slightly in the rotor plane. The second graph shows the attenuation of 
sound with distance, which varies with frequency. It appears that low frequencies 
(less than about 160 Hz) are attenuated less than higher frequencies. Frequencies 
above 2.5 kHz appear to be strongly attenuated; this may be due either to 
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atmospheric absorption, which is strongest for frequencies in the kHz range, or to 
the fact that the wind varied between 8.8 and 10 m/s during these recordings. 
A 
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4.6 Results from VESTAS V 17/75 at 
Berriedale, Caithness 
Wind conditions for the measurements are given in Table 4-4. 
Table 4-4: MEASUREMENTS OF NOISE FROM VESTAS 75 KW TURBINE 
Distance (m) Wind Speed 
at hub height 
15 m downwind 8.0-9.0 
30 m downwind 8.0-9.0 
45 m downwind 8.0-9.0 
60 m downwind 8.0-9.0 
30 m downwind 12.0-12.5 
background 12.0-12.5 
Figure 4-3 shows the variation of noise from the V17 with wind speed. It 
appears that the spectral peak due to trailing edge bluntness noise shifts to 
higher frequencies as the wind increases, being at2.OkHz in wincL of 8.0-9.0m/s 
and between 2.5 and 3.15 kHz in winds of 12.0-12.5m/s. Noise at frequencies 
between 600 and 1.25 kHz appears to be similar for the two wind speeds. On 
average, noise below 600 Hz appears to be louder at the higher wind speed. 
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4.6 Results from VESTAS V 17/75 at 
Berriedale, Caithness 
Wind conditions for the measurements are given in Table 4-4. 
Table 4-4: MEASUREMENTS OF NOISE FROM VESTAS 75 KW TURBINE 
Distance (m) Wind Speed 
at hub height 
15 m downwind 8.0-9.0 
30 m downwind 8.0-9.0 
45 rn downwind 8.0-9.0 
60 rn downwind 8.0-9.0 
30 rn downwind 12.0-12.5 
background 12.0-12.5 
Figure 4-3 shows the variation of noise from the V17 with wind speed. It 
appears that the spectral peak due to trailing edge bluntness noise shifts to 
higher frequencies as the wind increases, being at 2.0kHz in windb of 8.0-9.0 rn/s 
and between 2.5 and 3.15 kHz in winds of 12.0-12.5 rn/s. Noise at frequencies 
between 600 and 1.25 kHz appears to be similar for the two wind speeds. On 
average, noise below 600 Hz appears to be louder at the higher wind speed. 
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4.7 Sound Measurements from the Howden 
750 kW Turbine at Sussetter Hill, 
Shetland 
4.7.1 Procedure 
As before, L eq  measurements were made over a period of 20 seconds at distances 
of RO and 2R0  from the tower base. The distance was measured using a piece of 
string attached to the tower. The error in measuring is estimated ± 1.5m. A 
hard reflecting board was used, but the results quoted here have been corrected 
for this. 
All readings were made with a linear weighting on the sound pressure level 
meter. Power readings were taken during all experiments and the errors quoted 
here correspond to the standard deviation over the measurement period. A 
standard blade element code was used to determine the hub height wind speed 
during these measurements, assuming drive train losses of 10%. The decibel 
readings given in the tables are averages; the data was found to be highly 
reproducible, and is presented in full in the appendix to this chapter. 
Tapc recordings were also made both inside and outside the nacelle, to 
determine the frequency of discrete tones and their propagation outside the 
nacelle. The signal from the sound pressure level meter was fed into a Racal 
store 4 tape recorder. 
4.7.2 Instrumentation 
A Brilel & Kjr sound pressure level meter, type 2215 was used. This has a 
built-in octave band filter and A or C weighting filters may be used. The sound 
was also recorded using a Racal Store 4 tape recorder. Both the meter and tapes 
were calibrated using a pure 1 kHz tone at a fixed intensity of 94 dB. All tape 
recordings were made at 30 " /5, in order to accommodate frequencies of up to 
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10 kHz, and flutter compensation was used for all recordings. A Hewlett Packard 
"Zoom-FFT" analyser was used to identify discrete tones. 
4.7.3 Summary of Measurements from HWP 45/750 
Wind conditions for the measurements are given in Table 4-5. Power readings 
were taken every 30 seconds during the sound measurements, and average 
readings are presented immediately after the SPL data. Full details of 
measurements are given in Tables 4-14 to 4-26. Unless otherwise indicated, all 
readings are ± 1 dB. 
Background noise measurements in cut-in and cut-out wind speeds are given 
in Tables 4-31 to 4-32. It is clear that background noise is very low at low wind 
speeds, and even for high wind speeds is negligible except for frequencies of 63 Hz 
or below, which are affected in the readings taken at 114 m Tables 4-24 to 4-26. 
Figure 4-4 indicates the importance of wind speed for noise levels. It 
appears that, for this machine, SPL's of all frequencies increase with increasing 
wind speed, but the lowest frequencies (less than 200 Hz) are the most affected. 
It should be noted that the wind was below rated during these measurements, 
and so the tips were not pitched at any time. 
Figures 4-5 to 4-6 show sound pressure levels taken at different positions in 
similar wind speeds. The overall conclusion is that the noise source is not 
strongly directional, although measurements taken upwind may be slightly 
louder than those taken in either the downwind or crosswind directions. 
4.7.4 Analysis of Discrete Frequencies in Nacelle 
Recordings 
As discussed in chapter 1, mechanical noise from the nacelle can cause problems 
when interpreting sound measurements made in the open. For this reason, it was 
decided to make sound recordings inside the nacelle, and to compare the discrete 
peaks noted with any such peaks found in recordings made at ground level 
outside. Recordings were made at both high and low power, with the microphone 
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Table 4-5: MEASUREMENTS OF NOISE FROM HOwDEN 750 KW TURBINE 
Microphone Position Shaft Power 
(JeW) 
Estimated Wind Speed 
at Hub Height (rn/s) 
57 in upwind 424 ± 54 9.75 ± 0.42 
57 m crosswind 345 + 47 9.15 + 0.40 
57 m downwind 605 ± 64 11.0 ± 0.45 
57 in crosswind 434 ± 52 9.8 ± 0.42 
57m downwind 228 + 52 8.1 ± 0.50 
114 m upwind 536 ± 59 10.52 ± 0.4 
114 in crosswind 385 + 52 9.45 ± 0.39 
114 in downwind 490 ± 91 10.2 + 0.61 
114 in upwind 585 ± 94 10.9 ± 0.64 
114 in crosswind 426 ± 76 9.7 + 0.55 
144 in downwind 420 + 116 9.7 ± 0.89 
57 in downwind 220 ± 33 8.0 ± 0.40 
57 in crosswind 250 + 35 8.3 ± 0.37 
57 in upwind  305 + 50 8.8 ± 0.40 
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in three locations inside the nacelle: near the gear box, near the generator and as 
near as possible to the rotor. Full details are given in Tables 4-33 to 4-36. 
These recordings were made using a sound meter setting of 100 dB(Lin), 
with a dynamic range of + 10 dB(Lin). Analysis was carried out using a 
Hewlett-Packard narrow band "Zoom-FFT" package. The intensity of the peaks 
varied significantly with the power, even within a five minute recording. 
However, some peaks, such as those at 690, 1400, 1500 and 1940 Hz appear to be 
stronger near the gearbox than at the generator, while peaks in the range 50-300 
Hz are of similar intensity at the two positions. 
The gear-box manufacturer, David Brown Special Products Ltd, suggested 
causes foe some of the resonances, as listed in Table 4-6 




52.2 Epic yclic Tooth Contact 
156-159 3 x Epicyclic Tooth Contact 
210 4 x Epicyclic Tooth Contact 
262-264 5 x Epic yclic Tooth Contact 
1940 6 x Helical Tooth Contact 
The recordings made out of doors were not of sufficiently good quality to 
identify discrete peaks, except for the very low frequency blade passing and its 
harmonics. This may be due to the highly variable signal which can overload the 
recorder. One way of getting round this may be to use an A weighting, which 
reduces the intensity of low frequency sound. 
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4.8 Summary of Chapter Four 
Broadband sound data have been measured for three different designs of turbine, 
namely a high speed full span pitch controlled machine, a medium speed tip 
controlled machine and a small stall regulated machine. Data were taken using a 
hard reflecting board and a wind shield as specified in the lEA and European 
Directorate of Energy standards. by McKinnon, as discussed in chapter three. 
For each machine, measurements were taken at a variety of positions and wind 
speeds. 
The principal results of these measurements were as follows: 
Noise emission at low frequencies (c 200 Hz) appears to increase with wind 
speed for all three turbines. 
It is not clear whether noise at high frequencies is affected by wind speed. 
Measurements for the Howden 45/750 between 8.1 and 11.0 m/s do not show a 
significant increase in noise in the kHz range. Comparisons of noise from the 
V17/75 at 8.5 and 12.25m/s appear to show a shift in the spectral 'hump' from 
2 kHz to 4kHz. However, comparisons of data taken at 8.0-9.0 m/s at different 
distances indicate variation in 'hump' frequency from 2.0-2.5 kHz. 
Noise emission from the Howden 750 was found to be non-directional, while noise 
from the higher tip speed MS1 showed a slight decrease in the rotor plane. 
It appears that the pitch schedule may alter the spectrum. Noise measurements 
from the MS  indicate that noise below 2 kHz is reduced as the wind increases 
from 16.7m/s to 18.8m/s and the blade pitches to limit power. This result lead 
to a more detailed examination of the effects of blade pitch on noise, discussed in 
chapter 7. 
These data were taken without the A-weighting filter, as otherwise the 
sound pressure levels would have been too low to record. When the results are A 
weighted, it is clear that background noise is negligible. 
Measurements made 26 m upwind 
dB(A) 
60 
Measurements made 62 m upwind 
dB(A) 
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Table 4-7: BACKGROUND NOISE NEAR MS1 
AT Low WIND5PEED5: 
DB(LIN) PER THIRD OCTAVE BAND 
Frequency 	Le g 
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Note that during the above measurements, the machine yawed, and the final 
set of readings were estimated to be 15 degrees away from downwind. 
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26 m upwind 
18.8m/s 
26 m upwind 
8.1m/s 
52 m upwind 
16.7m/s 
52 m upwind 
8.9m/s 
50 Hz 34.3 30.1 39.3 28.2 
63 Hz 37.4 32 40 28.7 
80 Hz 39.4 33.5 41 32.4 
100 Hz 43.1 36.7 41.6 35.3 
125 Hz 45.1 39.1 44.9 39 
160 Hz 47 47 46.3 42.7 
200 Hz 47.9 52.1 46.9 45.5 
250 Hz 50.3 52.6 48 48.3 
315 Hz 49.9 53.8 49.2 46.8 
400 Hz 52.4 55.3 51.1 48.8 
500 Hz 52.7 54.2 49.4 46 
630 Hz 52.8 55 51.7 45.5 
800 Hz 52.5 54.4 50.8 45.4 
I kHz 52.4 54.2 46.8 44.0 
1.25 kHz 50.6 53.1 47.2 43.5 
1.6kHz 49.1 52.8 44.7 43.6 
2kHz 46.5 50.3 42.8 41.0 
2.5 kHz 47.1 48.6 41.0 40.6 
3.15 kHz 46.2 46.1 38.3 40.1 
4kHz 43.6 47.8 37.1 42.1 
5  40.7 46.1 35 39.3 
6.3 kHz 39.8 42.4 33.6 36.4 
8kHz 37.1 37.8 28.9 32.8 
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Table 4-9: 
MS1 NOISE MEASUREMENTS: SPL DB(A) PER THIRD OCTAVE 
BAND 
Position I 26 m upwind 126 m crosswind 1 26 m downwind 
Windspeed 17-18.8m/s 17-18.8m/s 
17-18.8 
50 Hz 34.3 33.9 
34.7 
63 Hz 37.4 36.9 
36.6 
80 Hz 39.4 39.6 
40.1 
100 Hz 43.1 41.2 
42.1 
125 Hz 45.1 42.3 
43.3 
160 Hz 47 43.5 
44.7 
200 Hz 47.9 42.7 
46.8 
250 Hz 50.3 43.2 
47.7 
315 Hz 49.9 46.4 
49.1 
400 Hz 52.4 50.7 
50.5 
500 Hz 52.7 50.1 
51.5 
630 Hz 52.8 51.8 
51.8 
800 Hz 52.5 50.6 
51 
1 kHz 52.4 49.3 
50.1 
1.25kHz 50.6 48.2 
48.4 
1.6kHz 49.1 46.3 
46.6 
2kHz 46.5 45.6 
45.2 
2.5 kHz 47.1 44 
42.1 
3.15 kHz 46.2 46.1 
44.6 
4kHz 43.6 42.8 
43.5 
5kHz 40.7 39.2 
44.7 
6.3 kHz 39.8 39.5 
39.5 
8kHz 37.1 36.4 
35.7 
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Table 4-10: MS1 NOISE MEASUREMENTS: SPL DB(A) PER THIRD OCTAVE 
Position 
Windspeed 
15 rn downwind 
8.8-10.0 rn/s 
52 m downwind 
8.8-10.0 rn/s 
78 rn downwind 
8.8-10.0 rn/s 
50 Hz 35.4 28.2 27.8 
63 Hz 35.9 28.7 33.9 
80 Hz 35.7 32.4 31 
100 Hz 38.2 34.3 32.2 
125 Hz 42.1 39 35.3 
160 Hz 47 42.7 39.6 
200 Hz 50.6 45.5 44.7 
250 Hz 52.3 48.3 44.5 
315 Hz 53.6 46.8 44.8 
400 Hz 53.8 48.8 44 
500 Hz 52.7 46 41.7 
630 Hz 52.6 45.5 42.1 
800 Hz 51.4 45.4 43.1 
1 kHz 50.6 46 42.5 
1.25kHz 48.8 43.5 41 
1.6kHz 47.6 43.6 38.8 
2kHz 47.4 41 38.9 
2.5 kHz 49.5 40.6 36.4 
3.15kHz 49.3 40.1 34.2 
4kHz 48.6 42.1 32.2 
5kHz 47.2 39.3 32.6 
6.3 kHz 43.4 36.4 31 
8kHz 41 32.8 26.2 
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15 m downwind 
8.0-9.0 rn/s 
30 in downwind 
8.0-9.0 rn/s 
45 rn downwind 
8.0-9.0 rn/s 
60 rn downwind 
8.0-9.0 rn/s 
50 Hz 22.1 22.9  
63 Hz 26.9 29.9  
80 Hz 28.7 31 21.4 29.5 
100 Hz 31.5 33.8 30 34 
125 Hz 32 32.5 29.4 34.1 
160 Hz 32.1 33.4 30 31.2 
200 Hz 36 32.6 32 31.7 
250 Hz 37 34.7 30.6 32.6 
315 Hz 40.6 33.2 31.8 31.4 
400 Hz 38.4 35.4 34.5 31.5 
500 Hz 40.6 37.5 33.1 33.8 
630 Hz 42 42.2 36.9 33.6 
800 Hz 42.6 41.9 38.9 35 
1 kHz 40.1 42.7 40.9 36 
1.25kHz 37.6 38.6 42.1 37.4 
1.6kHz 41 37.3 36.9 37.4 
2kHz 39.1 39.2 33 33.6 
2.5 kHz 45.3 38.0 34.6 30.5 
3.15 kHz 40.9 31.4 33.1 27.7 
4kHz 33.8 30.1 30 25.4 
5kHz 37.9 26.8 26.7 23.5 
6.3 kHz 29 19.5 17 17.2 
8kHz 26.2  
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30 m downwind 
12.0-12.5m/s 
50 Hz 31.4 
63 Hz 24.5 30.8 
80 HZ 28.1 36.6 
100 Hz 23.1 36.2 
125 Hz 25.7 34.9 
160 lIz 22.8 35.3 
200 Hz 26.9 34.4 
250 Hz 27 33.3 
315 Hz 29.1 36.3 
400 Hz 30.1 40.6 
500 Hz 29.6 40 
630 Hz 28.5 41.1 
800 Hz 30 43.2 
1 kHz 28.9 43.1 
1.25kHz 29.2 40.6 
1.6kHz 27.7 38 
2kHz 25.6 36.8 
2.5 kHz 22 40.3 
3.15 kHz 18.7 40.2 
4kHz 17.4 34.1 
5kHz 18.1 30.5 
6.3kHz 25.6 
8kHz 20.1 
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Table 4-13: CALIBRATION OF TAPE RECORDER 
Counter Reading dB Setting Voltage setting 
(V) 
fraction 
of full displacement 
40 70 10 0.8 
50-66 80 10 0.3 
66-97 90 10 0.1 
98-152 90 2 0.4 
153-208 100 0.5 0.5 









31.5 80±5 80±4 78±3 
63 77±2 78±1 80±2 
125 80 80 80 
250 75 73 73 
500 75 72 71 
1k 68 67 67 
2k 63 63 61 
4k 58 58 55 
8k 53 54 49 
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31.5 85±2 87±3 
63 79±3 77±5 
125 73±2 74±1 
250 69 70 
500 68 68 
1k 65 65 
2k 64 63 
4k 58 60 
8k 51 53 









31.5 65 61+5 60 
63 66 65 66 
125 63 64 64 
250 61 61 61 
500 56 55 56 
1k 53 53 53 
2k 49 47 47 
4k 44 41 43 
8k 35 35 35 
A weighted 59 57 60 
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Table 4-17: 57 M CROSSWIND - SHAFT POWER 
345 ± 47KW 
Octave 	SPL SPL SPL 
Band (Hz) 	(dB) (dB) (dB) 
31.5 	61±5 59±5 61±5 
63 	56 57 59 
125 	58 59 61 
250 	61 61 61 
500 	58 58 58 
1k 	57 57 55 
2k 	51 51 49 
4k 	45 44 44 
8k 	39 39 49 
A weighted 	61 60 60 
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31.5 69±5 65 65 
63 68 67 64 
125 65 64 66 
250 62 63 64 
500 59 59 60 
1k 56 56 56 
2k 50 48 49 
4k 44 44 44 
8k 39 38 36 
A weighted 61 61 61 
F 	 I. 
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Table 4-19: 114 M DOWNWIND - SHAFT POWER 
490 * 91 KW 
Octave SPL SPL SPE 
Band (Hz) (dB) (dB) (dB) 
31.5 57 ± 2 59 59 
63 60 61 59 
125 56 57 57 
250 56 55 55 
500 50 50 50 
1k 47 47 47 
2k 45 43 43 
4k 37 36 38 
8k 24 25 27 















54 ± 4 
57 ± 2 
SPL 
(dB) 
54 ± 3 
56 I54  




 51 50 
46 47 
40 41 
32 ± 2 
55 	I 55 	I 55 
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Table 4-20: 114 IA 
CROSSWIND - SHAFT POWER 385 ±52 KW 
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31.5 61±3 59±2 
63 65 63 
125 62. 61 
250 59 59 
500 52 52 
1k 48 47 
2k 43 41 
4k 39 36 
8k 30 28 
A weighted 55 ± 2 
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Table 4-22: 57 M DOWNWIND - SHAFT POWER 
228 ±52KW 
Octave SPL SPL SPL 
Band (Hz) (dB) (dB) NB) 
31.5 58 61 61 
63 62 62 65 
125 59 60 60 
250 60 60 62 
500 57 58 58 
1k 54 56 58 
2k 46 46 48 
4k 40 42 43 
8k 36 37 37 
A weighted 58 60 61 
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31.5 54±2 55.5±2 60 
63 61 60 60 
125 59±2 59 58 
250 60 61 60 
500 58 57 57 
1k 55 54 55 
2k 50 50 51 
4k 44 44 44 
8k 37±2 36 39 
A weighted 59 60 59 
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63 61 61 61 
125 60 60 61 













4k 39 39 39 
8k 27 27 29 
A weighted 55 56 57 	- 
Chapter 4. Measurements of Noise Emission from Three Wind Turbines 	165 









31.5 56±5 49 61 
63 53 55 57 
125 56 54 56 
250 54 52 52 
500 50 49 50 





A weighted 51  
Chapter 4. Measurements of Noise Emission from Three Wind Thrbines 
	166 









31.5 59±2 58±2 64±5 
63 57 57 57 
125 56 56 57 
250 55 55 55 
500 50 50 50 
1k 47 50 50 
2k 45 46 47 
4k 38 40 41±2 
8k 29 29 29±2 
A weighted 53 54 55 
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Table 4-27: 57 M DOWNWIND - SHAFT POWER 
220 ±33KW 
Octave I SPL SPL 
Band (Hz) (dB) (dB) 
31.5 57 56 
63 60 60 
125 60 61 
250 59 58 
500 54 53 
1k 53 53 
2k 48 48 
4k 40 38 
8k 36 35 
A weighted 58 58 
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31.5 57±5 56±3 
63 58 57 
125 57 57 
250 57 57 
500 56 56 
1k 51 52 
2k 46 47 
4k 41 41 
8k 36 36 
A weighted 56 56 
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A weighted 58 
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Table 4-30: 57 METRES AT 45 DEGREES TO DOWNWIND POSITION - SHAFT 







31.5 61±2 61±2 
63 66 61 
125 65 66 
250 63 63 
500 57 59 
1k 54 56 
2k 48 51 
4k 45 44 
8k 	. 39 38 
A weighted 60 61 
E 
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Table 4-31: BACKGROUND NOISE MEASUREMENTS AT CUT-IN WIND SPEED 
Octave Microphone facing Microphone facing 
Band (Hz) Upwind (dB) Downwind (dB) 
31.5 36±2 45±5 
63 33 37 
125 30 32 
250 27±5 33 
500 25±7 25±4 
1k 22±7 21 
2k 17±7 20 
4k 28±8 23 
8k 15±3 24 
Aweighted 25 ± 2 34 ± 7 
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Table 4-32: 
BACKGROUND NOISE MEASUREMENTS AT CUT-OUT WIND 
SPEED 
Octave SPL 
Band (Hz) (dB) 









A weighted 1 47 ± 5 
Table 4-33: OVERALL NOISE RECORDED NEAR GENERATOR AND GEARBOX 
Position 	Frequency Range 	SPL 
(Hz) 	dB(Lin)J 
	
LNear Generator 	100-500 	70.6 
L 500-3000 	65.6 j 
Near Gearbox 	100-500 	84.7 J 
500-3000 	82.3 
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Table 4-34: NOISE RECORDED NEAR THE GENERATOR AT Low POWER 
(TAPE 1, CH.1) 
Frequency Range Bandwidth Peak Frequencies Height 
(Hz) (Hz) (Hz) dB 
0-25 0.15 3 17 
9 small 
13.3 small 
10-60 0.3 33.6 14 
50.4 7 
51.6 7 
25-125 0.6 67.4 6 
100.2 7.5 











250-1250 6 282-286 8-10 






1-6 k 30 1940 
2300 small 
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Table 4-35: NOISE RECORDED NEAR GEARBOX AT Low POWER (TAPE 1, 
Cu. 1) 
Frequency Range Bandwidth Peak Frequencies Height 
(Hz) (Hz) (Hz) (dB) 
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Table 4-36: NOISE RECORDED NEAR GEARBOX AT 
Low POWER 
(CONTINUED) 
Frequency Range Bandwidth Peak Frequencies Height 
(Hz) (Hz) (Hz) 
(dB) 















Comparison of Broadband Noise 
Spectra from Different HAWTS 
5.1 summary of Chapter 5 
Sound pressure level data from 12 wind turbines of different designs have been 
examined and c
ompared to isolate the effects of three design p
arameters. These 
were: 
Air speed at the tip 
Tip speed ratio 
Angle of attack at the tip 
Tip air speed was found to have a strong influence on the intensity of low 
frequency sound emission (at or below 200 Hz). Comparisons of data indicate 
that SPL is proportional to V 57 
 in this range. SPL's of fr
equencies between 250 
and 500 Hz seem to be p roportional to V 45 , 
while SPL's of high frequencies 
seem to be almost in
dependent of tip air speed, the deciding factors being angle 
of attack and tip shape. 
Tip speed ratio was found not to be an 
appropriate quantity to use for 
comparing data, as it takes no a
ccount of blade design or pitch angle. 
The angle of attack in the tip region was found to exert an influence over 
the intensity of medium to high f
requency sound. However, the exact frequency 
range affected may be dependent on tip shape. The effect of angle of attack is 
much less clear than that of air speed at the tip. Further 
experiments intended 
to clarify this issue are described in chapter 7. 
176 
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5.2 Method of Comparison 
The aim of this part of the study was to compare measured sound data from a 
range of different wind turbines, and thereby indicate the importance of direct 
factors such as angle of attack and tip speed, and indirect factors such as power 
control method. The information extracted from these comparisons was used in 
the writing of the noise prediction code described in chapter 6. 
The wind turbines chosen for this study span a wide range of rotor sizes, 
and include representatives of pitch, tip and stall control methods. No data from 
variable speed turbines have been examined. The turbines have been identified 
for convenience by the letters A-L, and full structural and operational data for 
each machine can be found in Table 5-1. The identities of the turbines are given 
in Table 5-3. Some of the data collected for chapter 4 of this thesis has been 
included. 
The majority of the measurements used in the comparison were extracted 
from the general literature or obtained directly from the manufacturers. Some 
data were not considered suitable, for example, some experiments had been made 
at a height of 1.5 metres above the ground, instead of on a hard reflecting board 
as recommended in LEA and AWEA standards. These data were discarded. In 
general, background noise was not significant, but if the measurements had been 
made at high wind speed, background measurements were required. 
Single A weighted readings were not appropriate, as the aim of the 
investigation was to determine whether different frequencies were affected 
differently by tip speed and tip angle of attack. In general, data taken in third 
octaves were preferred over those taken in full octave bands, but if octave band 
data were otherwise accurately measured, they were accepted and converted into 
third octave band data. The other requirement was that the exact blade twist 
and chord distributions were available, as they were needed to determine the 
correct angle of attack at the tip. 
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Table 5-1: STRUCTURAL AND PERFORMANCE DATA FOR THE WIND 
TURBINES EXAMINED IN THE STUDY: N/K = NOT KNOWN, F/S = FULL 
SPAN PITCH, T/P = TIP PITCH 






















A 2 F/S 4000 15.5 - 80 30 39.6 NACA 23012 
B 3 Stall 250 15 30 41.5 13.0 NACA 63200 
C 3 F/S 275 14 31 43 12.6 LS(1)04XX 
D 3 Stall 95 14 25 42.6 9.08 NACA 4415 
E 2 F/S 2500 12.5 61 17 45.5 NACA 23024 
F 3 Stall 100 18 24 46 10.0 NACA 4415 
G 3 F/S 225 14 31.5 43 13.5 NACA 63200 
H 3 Stall 60 N/K 18 50 8.2 NACA 63200 
I 3 T/P 300 N/K 25 45 11.0 NASA GAW1 
J 3 T/P 750 12.2 30 30 22.5 NASA LS1(Mod) 
K 2 T/P 250 15.5 16 88 10.0 NACA 4418 
L 3 F/S 440 13 32 35 16.8 NACA 4415 
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5.2.1 Normalisation Procedure for Data Comparison 
The experimental noise spectra had been recorded at a number of different 
windspeeds and observer locations. In order to isolate the effects of a particular 
parameter such as tip speed or angle of attack, it was first necessary to put the 
data into a standard format. The procedure used is given below. 
All data were expressed as third octave, linearly weighted sound pressure levels 
(eg. including spectra recorded in full octave bands). 
Where appropriate, 6 dB was subtracted to account for reflection off a hard 
board. The 6 dB correction is an average value, which holds up to about 8 kHz, 
(see McKinnon et al. [11.) 
Where necessary, background noise was subtracted logarithmically. On the 
whole, this effect was found not to be significant except in high winds, when it 
has a considerable influence on low to medium frequency readings. 
Where narrow band data was available, the effect of any tones on each third 
octave band was calculated and accounted for. 
Data were normalised to a standard distance of 1.5 rotor diameters as measured 
from the hub. The procedure is to subtract 3 d per doubling of distance for 
distances up to 2 rotor diameters and 6 dB thereafter (see Ljunggren et al. [2.]). 
This assumes unidirectional emission of the sound. 
Atmospheric absorption was calculated using the Glegg program, and found to 
be minimal at all frequencies, except for the largest machine, A, for which 
measurements were made at a considerable distance. The attenuation of sound 
from A was calculated to be - i dB at 1.6 kHz, -2.7 dB at 4 kHz and -6.5 dB at 
10 kHz. This has not been included on the graphs. 
For several of the machines, the wind speeds were measured at a height of 10m, 
rather than at hub height. For comparative purposes, these values were 
extrapolated to hub height using a shear power law exponent of 0.13. 
Turbines G and L are of particular interest, as anechoic lining was applied to the 
air vents (in the case of C), and to the nacelle walls (in the case of L), thus 
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diminishing mechanical noise. It is clear that these turbines are quieter than the 
others at frequencies of 4kHz and above. 
A note of caution in interpreting third octave data is appropriate here. 
Third octaves are proportional bands, that is, the bandwidth is proportional to 
the centre frequency. In some respects, this mimics the response of the ear; 
broadband noise within a third octave of a tone will mask that tone much more 
effectively than noise outside that third octave (see Kinsler [3, p2651). However, 
because the bandwidth increases with frequency, it is easy to make the mistake 
of assuming that higher frequency noise is more important than it really is. 
Figure 5-1 shows a simulation of the third octave band spectrum obtained from 
a source which emits equal sound power at all frequencies (a white noise source). 
Noise at 5 kHz appears to be 17 dB higher than that at 100 Hz, simply by virtue 
of the larger bandwidth. A second example Figure 5-2 shows a narrow band 
A-weighted spectrum and the third octave spectrum calculated from it. Between 
100 and 500 Hz, the narrow band spectrum is approximately constant, but the' 
third octave spectrum rises steadily. Between 800 and 1100 Hz, the narrow band 
spectrum is roughly the same as it was at 300 Hz, but the third octave spectrum 
is about 3 dB(A) higher. This point is elementary, but it should be borne in 
mind, otherwise a high SPL at, say, 1 kHz may be attributed to a particular 
noise souice with a resonance in this band, whereas, in fact the resonance may 
be located in a lower frequency range, and may emit quite weakly (per Hz) in the 
1 kHz bandwidth. 
5.2.2 Effect of Tip Air Speed 
Initially, the influence of tip speed was examined by comparing normalised 
spectra from machines with different tip speeds, but at similar tip speed ratios A, 
where A = V fld/wRtip and Rtip is 
the tip radius. The overall conclusion was that 
a significantly higher tip speed increases the sound pressure level at low 
frequencies dramatically, but may have little effect on the higher frequencies. 
Since incidence, or angle of attack, a is a more fundamental parameter than 
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machines at similar incidence. It was therefore necessary to estimate the mean 
value of a over a representative section of the blade of each wind turbine, under 
each given set of operating conditions. No direct measurement of a is available. 
A standard blade-element/momentum theory code was used for this 
calculation (see chapter 6). A necessary step in this procedure was to include the 
pitch angle of the blade or tip of each pitch-controlled machine at a given 
operating windspeed. This was done using an iterative scheme based on the 
Newton-Raphson method, in which pitch angle is sought to give rated 
aerodynamic power output in a given windspeed. A correction is included to 
allow for drivetrain losses (typically about 9% of the aerodynamic power). 
Full-span blade or tip angle schedules were calculated for most of the 
pitch-controlled machines examined in this report, as shown in Figure 5-6. 
Sufficient experimental data was available to make five comparisons of 
spectra corresponding to similar blade incidence, but different tip speed, as listed 
in Table 5-2. The experimental spectra are compared in Figures 5-3 to 5-5. 
The data indicate that tip speed is clearly the dominant factor at low 
frequencies (less than 630 Hz). 
Comparing sound levels from machines A & B, with respective tip speeds 
130.5 and 57.2 m/s, and at similar angle of attack, normalised for rotor size, and 
at a frequency of 80 Hz, 
SPLA - SPLB = 10log()' 	
chords y 
+ consts + lolog( 	) 	(5.1) 
UB chordB 
All theories imply that air velocity is a much more important parameter 
than chord size at low frequencies, i.e. X >> Y, so we will ignore Y. 





at 80 Hz. Similarly, at 400 Hz, 
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Table 5-2: DATA SET FOR INVESTIGATION OF TIP SPEED DEPENDENCE AT 
CONSTANT a. 
Comparison Wind Tip Air Mean Incidence a 
Turbine Velocity at Outer 10% of Span 
(rn/s) (degrees) 
1 A 130.0 5.3 
B 57.2 5.3 
2 A 130.0 4.3 
C 66.7 4.1 
L 64.3 3.7 
3 K 92.6 4.9 
L 64.4 4.9 
4 E 84.2 6.7 
F 48.9 6.6 
D 44.0 6.1 
H 45.5 6.1 
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= (6.5-4.8) 	 (54) 
log( 2.28) 
X = 4.75 	 (5.5) 
Sound pressure level shows a clear dependence on tip speed of the order 
V 57  for the lowest frequencies (around 100 Hz) and less for higher frequencies 
(i.e. V 45 at 250 Hz). See Figures 5-3 to 5-4 (right). Indirect confirmation is 
also given by the data in Figure 5-4 (left), for two stall-regulated machines with 
very similar tip speeds and angles of attack. These have almost identical spectra, 
although there may be peaks superimposed on this pattern due to trailing edge 
bluntness or differences in tip shape. 
Figure 5-5 does not show the same pattern, as there is a large dip in the 
spectrum of machine K at 125 Hz. At 50 Hz, however, and between about 160 
and 315 Hz, the difference between the two spectra again appears to be 
proportional to V 4 . The theory of inflow turbulence noise and some cautionary 
points in interpreting the experimental data are discussed in chapter 6. 
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5.2.3 Effect of Blade Incidence 
To isolate the dependence on incidence a, normalised spectra from a single 
machine were compared at the same observer location, but at different 
windspeeds. The value of a varies along the blade span, so a mean value over the 
outer 10% span was calculated, and used as a representative figure. This makes 
allowance for the greater influence of the outer blade in noise production. The 
experimental comparisons are shown in Figures 5-7 to 5-8. 
While these comparisons provide a qualitative illustration of the influence of 
angle of attack, they must be treated with caution. Sound pressure level 
measurements become inaccurate at high wind speeds, for two reasons: 
there is significant wind noise on the microphone, despite the use of a windshield, 
and 
gusting can be severe at high windspeeds, causing a correspondingly large 
increase in sound intensity. 
The influence of angle of attack could be established more reliably by 
running a single machine at different pitch angles in a steady low-to-moderate 
wind, as is described in chapter 7. 
For data taken at below rated wind speeds, the intensity of high frequencies 
(greatei ihan 1-2 kHz) is seen to increase with increasing angle of attack. The 
lowest frequencies may be completely unaffected, or may be reduced. This effect 
is significant for wind turbine K, where the power control reduces alpha at high 
windspeeds. It is also noticeable for wind turbine L (Figure 5-8). There is a very 
slight effect for machine H the range 800 Hz to 2 kHz. 
In the case of machine C (Figure 5-7), the effect on high frequencies is 
negligible. On the other hand, middle range frequencies (315 Hz to 1.6 kHz) are 
quite strongly reduced with increasing angle of attack. 
5.2.4 Effect of Tip Shape 
No attempt is made here to analyse the experimental data for the influence of tip 
shape or tip-joint noise. Turbine C has a rounded tip, and appears to be quiet at 
Machines A and B 
Comparison of tip speed at similar 
tip incidence (A-5.3, 8-5.3) 
MACHINES A, C, L 
Comparison of tip speed at similar 
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Figure 5-3: COMPARISON OF EXPERIMENTAL SPECTRA NORMALISED FOR 
ROTOR SIZE AND OBSERVER LOCATION, BUT FOR DIFFERENT TIP SPEEDS: 
(left) WIND TURBINES A AND B, (right) WIND TURBINES A, C, AND L. 
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Figure 5-4: COMPARISON OF EXPERIMENTAL SPECTRA NORMALISED FOR 
ROTOR SIZE AND OBSERVER LOCATION, BUT FOR DIFFERENT TIP SPEEDS: 
(left) WIND TURBINES D AND H, (right) WIND TURBINES E AND F. 
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Figure 5-6: CALCULATED PITCH ANGLE SCHEDULES FOR (left) WIND 
TURBINES A, C, E, G, AND L (FULL-SPAN PITCH CONTROLLED), AND (right) 
MACHINES I, 3, AND K (TIP CONTROLLED). 
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frequencies of around 2-8 kHz, although this could also be due to its nacelle 
cladding. 
Tip shape is also important in determining the dominant frequency of 
emission of tip vortex shedding noise. In general, fiat tips emit at lower 
frequencies than round ones, but this is not necessarily an advantage, as noise 
from both types tends to be within the most sensitive aural range. The NASA 
code used in the noise prediction code developed for this thesis implies that 
sound emission caused by vortex shedding from a fiat tip is peaked around a 
central frequency of 400-800 Hz (depending on V, a, and chord length), while 
emission from a. rounded tip is peaked at 1-4 kHz. 
The tip vortex induces a region of separated flow at the tip, whose 
dimensions depend on the strength of the vortex, the angle of attack, and the tip 
shape. The strength of the tip vortex depends on the lift distribution of the 
whole blade, and thus tip noise experiments can not be made reliably in a wind 
tunnel unless the whole blade is replicated. This was not the case in the NASA 
experiments. Full scale experiments to assess the importance of tip shape are 
currently being performed in Denmark, at Risø National Laboratory [4}. 
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5.3 Conclusions 
A method has been developed for the comparison of data from different turbines, 
which takes into account size, tip speed and the local angle of attack at the tip. 
From the comparison of twelve wind turbines, it appears that the intensity 
of low frequency sound is dependent primarily on tip speed. Within the low 
frequency range (<500-630 Hz), the lower the frequency, the greater the effect of 
tip speed. The effect of tip angle of attack is not clear, but it appears to effect 
moderate to high frequencies (in the kHz range) rather than low ones. 
It appears that machines with anechoic cladding in the nacelle produce less 
high frequency broad band sound than those without. This means that these are 
the best machines to compare with theoretical predictions. In this case, machines 
G and L should offer the best comparison, while machine D, which has a 
completely exposed generator and gear-box, is not expected to offer a reliable 
comparison. 
5.4 Recommendations for Future Work 
To continue this line of investigation, the following actions are recommended: 
Examine further the dependence of moderate to high frequency sound emission 
on blade incidence, by altering the pitch of the blades in a steady wind. These 
experiments are described in chapter 7. 
Investigate the effects of tip shape on noise, using a full-scale turbine and flow 
visualisation to determine the size of the separated flow region near the tip. 
Increasingly, wind turbine manufacturers are working to silence mechanical noise. 
As noise data from new turbines become available, repeating the type of 
comparisons described in this chapter is expected to yield more reliable 
information about the nature of aerodynamic noise. 
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APPENDIX: Structural and Performance Data 
Table 5-3; IDENTITY OF TURBINES EXAMINED IN THIS STUDY. 
Code Identity 
A WTS-4 
B Micon M-530 
C Mitsubishi MWT-250 
D BONUS 95 
E Boeing MOD-2 
F Vestas V20/100 
G Vestas V27/225 
H Windharvester 60 kW 
I Howden HWP300/22 
3 Howden HWP750/45 
K WEC MS-1 
L Windane 400/34 
Chapter 6 
Noise Prediction 
6.1 Summary of Chapter 6 
6.1.1 Aims of Current work 
The work described in this chapter had four aims: 
to write an aerodynamic noise prediction code which can be used for any design 
of horizontal axis wind turbine, operating under any reasonable conditions, 
to compare predictions with experimental data for the turbines described in 
chapter 5. 
to compare predictions made using the code to those of an existing program 
written by Glegg [1]. 
to assess the sensitivity of the new code to different design parameters (tip 
speed, pitch angle, chord etc.) 
6.1.2 Layout 
This chapter covers a lot of ground, and so a summary of the layout may be 
helpful. Firstly, a brief summary of three existing noise prediction calculations is 
given. This is followed by an account of the current code, both from an 
aerodynamic and an acoustic viewpoint.The theory used is compared and 
contrasted with that of existing codes by Glegg [1] and Lowson [2], and a 
summary of the differences and similarities is given in Table 6-1 - there is 
substantial overlap between the three programs. Lowson's code was not publicly 
available, and so the predictions of the current code have been compared with 
199 
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those of Glegg and experimental values. Finally, there is an account of the 
sensitivity of the new code to various input parameters. 
6.1.3 Features of new Prediction Code 
The important features of the new code are as follows: 
It incorporates a standard blade element p erformance routine, which calculates 
the local air velocity and angle of attack at each segment of the blade. 
The exact blade twist and chord distribution are included. 
The variation of aerofoil lift, drag and pressure coefficients with angle of attack is 
included. 
As described in Section 3. 11, the angle of attack at the tip is reduced owing to air 
flow from the pressure side to the suction side. The reduction, known as 'tip loss', 
can be s
ignificant over the last 10% of the blade, and so is included in this code. 
Where appropriate, the pitch or tip schedule is included. This is very important 
for estimating noise emission in high winds. 
Some modifications have been made to existing calculations for inflow turbulence 
noise, [3,*.s'I, notably, the omission of an interference factor accounting for 
cancellation of sound emitted from various parts of the blade. This factor was 
thought to be inappropriate, as noise emission varies strongly with radial 
position, and so it seems unlikely that sound waves from inboard sections will 
have a s
ignificant cancelling effect on sound waves from outboard sections. 
6.1.4 Principal Results 
The main results of this chapter are summarised below. 
1. Overall A-weighted levels are close to e
xperimental values for both the current 
and Glegg codes, with the present code underes
timating on average by 0.8 dB(A) 
and the Glegg code overestimating by 1.0 dB(A) for the turbines under 
consideration. 
Chapter 6. Noise Prediction 
	 201 
The current code is considerably more accurate for low frequencies, which tend 
to be overpredicted by the Glegg code, (Edinburgh average underestimate 
0.9 dB(Lin), Glegg average overestimate 4.0 dB(Lin) for the cases chosen). 
The Glegg code consistently overestimates high frequency noise (>2 kHz). 
The present code predicts the variation of low frequency noise with tip speed 
well, but overestimates the effect on noise in the range 3.15-8 kHz. 
Overall predicted noise levels were not affected as the pitch was increased from 
0-5°, but the spectrum changed, with noise at frequencies below 315 Hz reduced 
and noise in the range 1-2 kHz increased. This pattern may be different for other 
turbines, or at lower wind speeds. 
The effect of increasing wind speed is the same as that of increasing angle of 
attack, except that noise at lower frequencies is further increased due to the 
greater turbulence in the wind. 
Most of the noise mechanisms are insensitive to chord, but tip and bluntness 
noise were affected, with the overall noise levels increasing slightly, and the peak 
shifting to lower frequencies as the chord was increased. 
6.2 Existing Noise Prediction Models 
There are a variety of 'rule of thumb' predictions: 
1. De Wolf [7] 
LW,A = 10log 1o D + 50logio S1R - 4 	 (6.1) 
with 
D = rotor diameter 
QR = tip speed 
L = A weighted sound power level. 




SPLA = 63.6logjo (AW) + 11.5logio( 	) + 2.5logioc + 2Ologio(P) —27.5 (6.2) 
where 
SPLA = A weighted sound pressure level at distance a 
A = tip speed ratio 
W = free stream wind speed at hub height 
N = number of blades 
A6 = blade area 
A,. = rotor area 
Ca = axial force coefficient 
D = rotor diameter 
a = distance from observer to base of tower. 
Williams [9] gives a graph of sound power level versus tip speed for different 
swept areas, which is reproduced in Figure 6-1. 
These models predict an overall A weighted sound pressure level, but do not 
attempt to predict spectra. In addition, they do not take into account angle of 
attack or chord size. More detailed models are those of Clegg [1] and Lowson [2]. 
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Table 6-1: COMPARISON OF CALCULATIONS USED IN THREE NOISE 
PREDICTION PROGRAMS 
Feature Glegg Lowson Current Code 
Inflow Ffowcs- Ffowcs- Ffowcs- 
Turbulence Williams Williams Williams 
Noise & Arniet & Amiet & Amiet 
Turbulence chord atmospheric atmospheric 
Scale  
Aerofoil not aerofoil not aerofoil aerofoil 
Response dependent dependent dependent 
Function  
Boundary Amiet Amiet Brooks 
Layer & Brooks 
Trailing 
Edge Noise  
Separated Flow Nelson Not included Brooks 
Noise  
Trailing Edge Arniet Brooks Brooks 
Bluntness 
Noise  
Tip Noise Not Not Brooks - 
included included 2-Dimensional 
only 
Laminar not included Tollmein not included 
Boundary Schlicting 
Noise  
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6.3 The Edinburgh Noise Prediction Code 
6.3.1 Purpose of the Code 
The purpose of the noise prediction code developed for this thesis is to predict 
the intensity and nature of aerodynamic sound emitted from any given design of 
horizontal axis wind turbine operating under any reasonable conditions. The 
code is an attempt to combine detailed and accurate aerodynamic information 
for the wind turbine rotor with noise prediction methods. 
The output of the program is a noise spectrum at a given observer location, 
expressed as Sound Pressure Level in third octaves, in the frequency 
range 100 Hz to 10 kHz. It is ultimately intended to produce a PC-based version 
of the code, for use as a design tool by wind turbine manufacturers. 
6.3.2 Description 
The prediction code consists of two parts: 
an aerodynamic performance prediction code, which divides the blade into a 
number of radial elements (typically 30), and calculates the angle of attack, local 
air velocity, Reynolds number, and lift and drag coefficients at each, 
a sound prediction code, which is applied at each blade element, and includes 
calculations for both aerofoil self-noise and noise due to interaction of the blade 
with inflowing turbulence. This part of the program uses the results of the 
aerodynamic performance code described above. 
6.3.3 Aerodynamic Performance Prediction 
The aerodynamic performance prediction code is a standard manufacturers' 
design tool. It is typically used to determine the power output and structural 
loading of a given rotor design under specified conditions of wind speed and 
rotation speed. This code was developed by Howden Wind Turbines in 1989. 
The basic information required to run the program is: 
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blade plan geometry and twist distribution 
aerofoil sectional data: lift, drag and moment coefficients tabulated against 
incidence 
wind speed 
rotor rotational speed. 
Other variables may be included, for example, yaw angle, rotor coning angle, 
wind shear and tower shadow, and pitch control schedule. The calculation is 
based on a combination of actuator disc, or momentum, theory, and blade 
element theory. 
Actuator disc theory is concerned with momentum changes across the rotor. 
The flow through the rotor is modelled as a set of thin annular streamtubes, with 
Bernoulli's equation used to determine the pressure difference across each, and 
hence the thrust. The torque is determined from the rotational velocity imparted 
to the air at the rotor, and the reduction in air flow velocity at the rotor. Thrust 
and torque are expressed in terms of an axial interference factor a: 
a = v/W 	 (6.3) 
and a tangential interference factor a! 
a' = AQr/fZr 	 (6.4) 
where: 
v = reduction in axial flow rate at the rotor 
W = free stream wind speed far upstream of the rotor 
AfZr = rotational velocity imparted to air 
Qr = rotational velocity of blade at radius r. 
The value of a depends on the design of the rotor, and the tip speed ratio A 
where 
A = fZr/W. 	 (6.5) 
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For a given streamtube, the interference factors a and a' are found by an 
iterative method, by repeatedly comparing their values found from actuator disc 
theory with those found from blade element theory. 
Blade element theory is concerned with the forces on a blade element, and 
takes into account the induced velocity due to the rest of the rotor and the wake. 
The blade is divided into a number of elements, typically 30, where each 
corresponds with an annular strearntube in the actuator disc theory. The chord 
and twist at each element are interpolated from the blade profile data. 
The thrust and torque on a given element can be expressed in terms of the 
axial and tangential interference factors, the lift and drag coefficients at the local 
angle of attack, the local chord and the number of blades. Comparing these 
equations to those from the axial interference theory, we find: 
a 	Bccj 
(6.6) 
1—a - 8irrtan(cb)sin(.4) 
and 
at - 	Decj 
(6.7) 
1+a' - 81rrcos(0) 
In the above .j. is the angle of relative flow, cj is the section lift coefficient, c 









This demonstrates the essentials of the theory, but a further refinement is a 
tip loss correction to take account of reduction in angle of attack which occurs 
due to downwash at the tip. Tip loss can reduce the angle of attack by as much 
as 1-5° over the outer 15% of the blade. The present prediction code uses the 
Prandtl- Andersoncyclic method of tip loss correction [10), in which the 
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expressions for axial and tangential interference factors are modified by a factor 
which takes tip loss into account. 
The iterative procedure which forms the basis of the aerodynamic 
performance prediction code is based on that of Anderson [10]. 
Start with first blade element. 
Set initial values of a = 0.3 and a' = 0.0. 
Calculate local rotational speed, hence local tip speed ratio. 
Calculate the angle of relative flow using (6.10). 
Calculate the tip loss correction. 
Find the angle of attack a, where a = - )3, with 0 the flow angle and /3 the 
local geometric pitch angle. 
Use tabulated aerofoil data to find lift coefficient cj . 
S. Find a and a' from equations (6.5) and (6.6), modified by the tip loss factor. 
Compare the new values for a and a' with the initial ones, and repeat the 
calculation from (2) until both a and a' converge. 
Repeat for all blade radial elements. 
Optionally, sum up local thrust and power coefficients to give net rotor loads 
(this step is not necessary in the noise prediction code). 
6.3.4 Aerofoil Self-Noise Prediction 
As mentioned in Table 6-1, the prediction code written for this chapter 
incorporates empirical data from Brooks et al. of NASALI %]. This model was 
chosen partly because of its comprehensiveness, and partly because more 
theoretical models [1] appear to overestimate noise in the range 2-6 kHz. The 
data are based on extensive experiments taken in the NASA Langley anechoic 
wind tunnel, and are described here. 
The Reynolds numbers of the experiments ranged from 1 x io to 2 x 106 . 
This is low compared to the values near the tips of most turbines used on 
I 
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commercial windfarms, which are typically in the range 3 x 106 to 2 x io. 
However, [tl,Fig. 771 indicates that normalised sound levels become insensitive to 
Reynolds number for Re> 7 x io. 
Five noise mechanisms were investigated in the NASA study: 
noise from turbulence in the boundary layer as it passes over the trailing edge 
(suction and pressure boundary layers were considered separately), 
noise from separated flow 
noise from vortex shedding at the tip (both round and flat tips were tested) 
noise due to vortex shedding at a blunt trailing edge 
noise due to shear in a laminar boundary layer. 
t 
Laminar boundary layer noise is not generally thought to be important for 
wind turbines. However, there is some debate as to whether laminar boundary 
layer noise arises if the suction side of the aerofoil is laminar, and the pressure 
side contains eddies which are of the right size to induce a resonance in the 
laminar layer. This is likely to happen only over a restricted range of windspeeds 
and pitch angles. To date, there are no published reports of full scale 
experiments investigating this phenomenon, although there is considerable 
theoretical work [2]. 
Experimental Details 
The aerofoil section used in all the NASA experiments was the symmetrical 
NACA 0012 profile. For each experiment, the chord length was varied 
between 2.54 and 30.48 cm, while the wind velocity was varied between 39.6 
and 71.3 m/s, and the angle of attack varied between 0 and 25°. Reynolds 
numbers ranged between 101 and 1.5 x 106. Representative values of Reynolds 
numbers at the tips of wind turbine blades are given in Table 6-2. 
While the range of Reynolds numbers covered by the NASA experiments 
was below that which applies to moderate to large wind turbines, it was decided 
that these experiments could be used as a basis for the prediction code because 
the aerofoils had been thoroughly tripped to ensure a fully turbulent boundary 
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Table 6-2: REYNOLDS NUMBERS AT WIND TURBINE ROTOR TIPS AS A 




100 1.7 x 106 
250 2.5 x 106 
500 2.8 x 106 
750 4.75 x 106 
layer, such as applies to the outer regions of a wind turbine blade. In the NASA 
experiments, the span was kept constant at 45.72 cm. Boundary layer parameters 
were measured using hot wire anemometry. 
Concurrent sound recordings were taken using 8 half-inch microphones 
placed near the aerofoil. The signals were cross-correlated to remove the effects 
of background noise and to indicate any preferred direction of emission. After 
cross-correlation, the recordings were expressed as sound pressure levels per third 
octave band. 
The procedure for isolating each noise mechanism was as follows: 
Turbulent boundary layer noise: Adhesive strips covered with a thin 
layer of fine grit were stuck to the aerofoil, to ensure that the boundary was fully 
turbulent. Initially, tests were performed at zero angle of attack. 
Separated Flow Noise: Separated flow noise occurs at high angles of 
attack. The exact angle at which separation first occurs depends on the aerofoil 
and the Reynolds number; it was clear that the noise emission increased 
considerably once the flow started to separate. The relevant boundary layer 
parameters are functions of incidence, and undergo substantial transformation as 
the flow begins to separate. Noise emission due to separated flow is established 
by comparing spectra after separation has started with spectra taken at low 
incidence. 
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Vortex Shedding from the Tip: Spectra were taken firstly with an 
aerofoil spanning the full width of the wind tunnel and secondly with a shorter 
aerofoil spanning only three quarters of the width. Once the difference in the 
aerofoil length had been taken into account, the difference in sound levels was 
attributed to vortex shedding from the tip. Both fiat and round tipped aerofoils 
were investigated. 
Trailing Edge Bluntness Noise: A variety of extensions were attached to 
the trailing edge of the aerofoil to ascertain the influence of trailing edge shape 
on noise emission. It was found that the extensions used did not seriously affect 
the boundary layer thickness. Discrete noise emission from the fiat plate edge 
was considerably louder than emission from a 14 degree trailing edge. Brooks et 
ad. suggest that a linear interpolation can be used to calculate noise from trailing 
edges with angles between these two values. In practice, this is found not to be 
the case, as noise from aerofoils, such as the LS1, with small trailing edge angles 
is strongly overestimated. For this reason, all predictions presented here have 
been made assuming a trailing edge angle of 14 degrees. Further experimental 
work is needed to clarify this issue. In particular, the influence of a cusped 
trailing edge on this noise mechanism should be investigated. 
Data Reduction 
In order to compare data taken using aerofoils of different chord subjected to 
different flow speeds, use was made of the following dimensionless variables: 
Reynolds number Re = pcU/p where p is air density, c is chord, U velocity, and 
p viscosity. 
Strouhal number St = wd/U where w is acoustic frequency in radians per second 
and d is a characteristic length. For turbulent boundary layer noise and 
separated flow noise, d is taken as the boundary layer thickness. For tip noise, d 
is the length of tip over which flow has separated, and for bluntness noise, d is 
the trailing edge bluntness. 
Mach number V/cc,, where U is the air velocity and c 0 the speed of sound. 
I 
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Reynolds number influence's the boundary layer thickness, and the intensity 
of sound emission, while the Stouhai number determines the spectrum. At 
constant Reynolds number, it was found that each noise mechanism emits most 
strongly at a particular Strouhal number, known as the peak Strouhal number 
for that noise source. For example,tip noise is emitted most strongly at St = 0.5. 
Supposing ci = 0.05 m and U = 100m/s, then the dominant frequency of tip 
noise is 5000 Hz. The shape of the spectrum at other frequencies is found from 
the ratio S/S t (peak). For most mechanisms, the spectrum is symmetrical (when 
considered in third octaves), but trailing edge bluntness noise drops off sharply 
as the frequency increases above the resonant value. 
The results of the NASA experiments [%L,Fig. 75] confirmed the theory of 
Ffowcs-Williams and Hall [12] that trailing edge and laminar boundary layer 
noise levels are proportional to the fifth power of velocity for values close to the 
peak Strouhal number. Since the Strouhal number is itself inversely proportional 
to the air speed, it follows that the sound pressure level at any given audible 
frequency is proportional to the sixth power of the air speed. Interestingly, it 
appears that there is some divergence from this pattern at higher Strouhal 
numbers. This point is discussed further in Section 6.4.1. 
Approximate Frequency Ranges of Each Noise Mechanism 
The importance of each aerofoil self-noise mechanism can be illustrated with 
reference to wind turbine B in the experimental data set listed in chapter 5, 
which is fairly typical. For this machine, the calculated frequency ranges are: 
Suction TI3L noise: this is most intense at 250 Hz, and 6 d quieter 
by 100 Hz and 800 Hz. 
Pressure TBL noise: this is most intense at 800 Hz, and 6dB quieter 
by 160 Hz and 550 Hz. 
2. Separated Flow noise: this is most intense at 315 Hz, and 6 d quieter 
by 160 Hz and 550 Hz. 
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Tip noise: this is most intense at 1.6 kHz, and 6 d quieter by 550 Hz 
and 4kHz. 
Bluntness noise: this is most intense at 1.25 kHz, and 6 d quieter 
by 450 Hz and 1.6 kHz. 
With regard to use of the NASA code as part of a wind turbine rotor noise 
prediction program, certain provisos should be noted. All the NASA experiments 
were done using a NACA 0012 symmetric aerofoil: wind turbines use cambered 
aerofoils, which have a slightly thicker boundary layer on the suction side. This 
could increase both the peak Strouhal number and the sound pressure level; 
however, the increase may be mitigated by the fact that the boundary layer 
thickness decreases with increasing Reynolds number, and medium to large wind 
turbines operate at slightly higher Reynolds numbers than the maximum value of 
3 x 106 covered by the NASA experiments. See [1,p10 & p51]. Secondly, wind 
tunnel experiments do not take account of the radial flow which may be 
experienced by a full-scale rotor. 
It is also important to note that the trailing edge bluntness must be 
included as an input to the self-noise routine. This parameter can be obtained 
from the blade manufacturer. 
6.3.5 Prediction of Inflow Turbulence Noise 
Inflow turbulence noise is very broadband, and is the dominant noise source at 
low frequencies. According to all the models researched in the current study, the 
intensity decreases uniformly as the frequency increases. Despite this, 
Crosveld [13, Fig. 2] implies that inflow turbulence is still important at high 
frequencies (2-4 kHz), after the narrower band peaks of bluntness and tip noise 
have subsided. The model for inflow turbulence used in the Edinburgh code is 
based on Glegg's model, but has three important differences, which are discussed 
below. 
Inflow turbulence noise is due to the change in pressure on the aerofoil as it 
encounters a gust. There are two procedures involved in its calculation: defining 
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the spectrum and intensity of the inflow turbulence, and describing the aerofoil 
response to this spectrum. 
Characteristics of Inflow Turbulence: the Present Model 
It has been shown experimentally by Kelley and McKenna [14] that the 
longitudinal component of inflow turbulence is by far the most important for 
noise emission. Turbulence intensity is a function of gust frequency, height and 
wind speed. This code uses a von Karman spectrum, similar to that used by 
Clegg et al. but with a length of 60 metres rather than the chord length as the 
turbulence length scale. This is equivalent to assuming that the turbulence 
comes from the free wind, rather than from the wake of the previous blade. As a. 
corollary, the code developed for this thesis assumes turbulence proportional to 
the free stream wind speed (around 10-15%, depending on hub height), whereas 
Glegg's code has the turbulence (w) proportional to the blade speed (at 2%). A 
discussion of the relative dependences of the two codes on blade speed is found in 
Appendix 2. 
The von Karman spectrum is 





ke = ( 1.34L) 1 
ki- w(1 —M) 
- 	LTlc 
ej = factor depending on direction, i. 
The factor w is the turbulence amplitude, and w is the gust frequency, as it 
appears to the moving blade, i.e. 
U 
= W(1 - M)o1mt 	 (6.11) 
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As a gust passes through the rotor plane, the blade incidence changes. This 
causes a change in the pressure coefficient of the aerofoil. Lighthill [15] and 
subsequently, Ourletib] showed that the far field sound is related to the 
fluctuating force on the aerofoil. That is, 
p(dI O = 	
dl 
	
4itr2q öt 	 (6.12) 
where p(t) is the sound pressure amplitude. We can rewrite the fluctuating 
force in terms of the pressure coefficients as follows; 
 45cp 8a 
- 	5pU2A 	 (6.13) 
St - La St 
where: 
dl = blade element 
p = air density 
U = local air velocity 
cp = section pressure coefficient 
A = section area. 
It seems reasonable to suppose that the majority of the sound emanates 
from those parts of the suction side which are unstalled. The fraction of the 
aerofoil over which flow is attached can be calculated from the following 
equation, from Woods [17] 
cz=2a ( 1 + 	2 
2 
' 	 (6.14) 
in which f is the chordwise extent of attached flow. Pressure coefficient data 
for a range of aerofoils have been obtained from the NASA Langley Research 
Station [18,19]. For any given angle of attack, the integral of the pressure 
coefficient to the fraction f is calculated. Thus it is possible to calculate the 
parameter 6c,,/6a used in 6.13. 
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where W(t) is the free stream wind velocity. Thus 
oa ba  
Ti -  Iii a 	 (6.16) 
where 
W(t) = W + We iWt . (6.17) 
Combining equations 6.12 to 6.17, we have 
p(d/ , = dl —dCP O.5pU wøg((o) fcd/ 
	
47u2cb dec 	 (6.18) 
with g(w) the aerofoil frequency response function. The current code uses 
the Glegg response function, which has two parts: 









w2(1 - M)2 	
(6.20) 
ir  
This means that theoretical response functions at both high and low 
frequencies have the same dependence on tip air velocity (assuming the 1 - M 
effect to be negligible). 
6.3.6 Investigation of Response Functions from 
Experimental Data 
As mentioned in Section 6.4.1, experimental data indicate that frequencies 
around 250-315 Hz are less dependent on velocity than are lower frequencies. 
However, some caution is required when interpreting this result. As mentioned 
above, theoretical response functions for high and low frequencies are different, 
the one for low frequencies being proportional to ur', and the one for higher 
frequencies being proportional to w 2 . The dividing line between these two 
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response functions depends on the blade chord and blade speed, and 
approximate values of this frequency are given for each turbine in appendix 3. 
This frequency will be referred to as the dividing frequency in this thesis. For 
the machines under consideration it ranges from 62.2 Hz to 275 Hz, but is 
generally in the range 100-170 Hz. 
When comparing noise from two HAWT's to assess the effect of tip air speed 
on inflow turbulence noise, it is important to make one comparison at a 
frequency below the dividing frequencies of both machines, and a second 
comparison above the dividing frequencies of both machines. For example, when 
comparing machines A and B, we should take one reading below 92.0 Hz, (which 
is the dividing frequency of machine A), and one above 149 Hz, which is the 
dividing frequency of machine B. 
Lowson [2] suggests that gust response theory may become inaccurate when 
the gust wavelength is smaller than the leading edge radius. As yet, there is no 
detailed experimental evidence on this point. In the prediction program, it has 
been assumed that no noise is generated when the gust length becomes smaller 
than the aerofoil leading edge radius. 
Finally, it should be noted that in order to calculate inflow turbulence at 
negative angles of attack, it is necessary to have detailed pressure coefficient data 
for these angles; this is rarely available for the aerofoils used for wind turbines. 
Noise from Stalled Flow 
At moderate angles of attack, the airflow starts to separate from an aerofoil, and 
become turbulent. At high angles (greater than 1015°, depending on the 
aerofoil section) the flow is fully separated. Low frequency noise (200-500 Hz) is 
generated as the turbulent eddies interact with the trailing edge. Sound Power 
Levels can increase by about 10 dB as the angle of attack is increased from zero 
to 90°. 
The angle of incidence at which stall occurs is determined by the particular 
aerofoil section used. Mild stall applies to the outer blade sections of stall 
regulated machines at high wind speeds, while deep stall applies to the inner 
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portions of the blades of both tip and stall regulated machines at high wind 
speeds. 
Aerofoil self-noise due to stalled flow is included in the NASA prediction 
model[tt], and this is the version currently included in the Edinburgh noise 
prediction program. The model is semi-empirical: noise recordings and boundary 
layer measurements were made at angles of attack of up to 25°. The excess noise 
over the unstalled value was attributed to separated flow. It was found that the 
noise scaled as U5 , where U is the net local air speed. 
Three distinct regions were defined: 
00 c a 	unstalled 
7.50 cc a < 12.50 mild stall 
12.50 <a < 250 deep stall 
These limits apply to the NACA 0012 aerofoil used in the NASA 
experiments. Different ranges may be applicable for other aerofoils. 
An alternative stall noise model is that used in the Glegg code [1]. This is 
again a semi empirical calculation for deep stall noise, based on the work of 
Nelson and Morfey [20]. In it, it is assumed that the fluctuating drag force is 
related to the steady state drag by a constant of proportionality which depends 
on the Strouhal nuniber S. Nelson and Morfey determined this function for a 
flat plate placed at right angles to the flow. Their work has since been extended 
by Oldham and Ukpoho [21] to include plates at lower angles of attack ( 20-30°) 
The main differences from the original work are: 
much lower emission at St cc 1.0 
significantly lower emission at St > 10. 
The second point is relevant to wind turbines. Oldham and Ukpoho also 
found that their predictions gave good agreement with experimental results for 
incidence angles up to 35°, and reasonable agreement at 40°. A combination of 
the Glegg and Oldham calculations might be a suitable description of deep stall 
noise emission. 
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6.3.7 Comparisons of Measured and Predicted Sound 
Power Levels 
Two sets of comparisons were made in this chapter: 
comparisons of predicted and experimental sound pressure levels for a range of 
turbines, listed in Table 6-3 
parametric comparisons for a single turbine to indicate the sensitivity of the code 
to tip speed, wind speed, pitch angle and chord size, listed in Table 6-4. 
The turbine chosen for the second set of comparisons was turbine B. In the 
last of these comparisons, the chord length was altered, as described in Table 6-4. 
6.3.8 Results 
Results predicted using the present and Glegg codes are shown in Figures 6-2 to 
6-8. Details of blade profiles were in all cases taken from private correspondance 
with the manufacturers. Several points emerge from these graphs: 
for medium to high tip speed turbines, Glegg's code appears to overestimate 
noise at frequencies <400 Hz, and at frequencies >4 kHz, while the present code 
is more accurate at these frequencies, 
for medium to high tip speed turbines, the two codes often agree with each other 
and with experimental data in the range 500-2 kHz, 
for low tip speeds, the code developed for this thesis appears to underestimate 
noise emission at all frequencies, 
the peak due to trailing edge noise is not always predicted at the correct 
frequency. This may be due to an inaccurate estimate of the bluntness or the 
trailing edge angle, which may not be exactly as specified; some of the 
manufacturers were unable to provide this data. However, recent experimental 
measurements on full scale turbines by Andersen et al. [2.1] indicates that trailing 
edge bluntness noise may be less important than has previously been assumed. 
The Glegg code does not predict a peak due to trailing edge bluntness noise. 
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Table 6-3: LIST OF COMPARISONS OF MEASURED AND PREDICTED SOUND 
PRESSURE LEVELS 
Turbine Tip Wind Observer Measured Predicted Predicted 
Air Speed Distance Sound Sound Sound 
Speed rn/s rn Pressure Pressure Pressure 
rn/s dB(A) Current Code Glegg 
dB(A) dB(A) 
K 93.7 16.7 52 59.9 61.8 66.4 
E 84.2 8.5 	j 150 58.3 56.8 57.8 
L 64.3 9.1 50 53.4 55.3 57.8 
64.4 8.0 50 51.9 55.0 57.7 
B 57.2 9.3 50 50.7 52.0 53.7 
G 60.8 9.3 63 52.9 52.3 54.4 
C 63.3 13.5 46 58.1 57.1 58.1 
64.4 17.5 46 58.5 57.5 58.2 
J 70.0 7.1 57 53.7 55.1 55.4 
71.3 9.1 114 59.7 59.5 60.2 
D 44.0 8.9 30 55.5 46.3 49.0 
F .48.9 7.8 50 50.7 46.4 49.2 
II 45.5 9.4 26.5 52.8 48.2 51.0 
46.0 11.4 26.5 54.3 49.6 51.3 
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Table 6-4: LIST OF PREDICTIONS TO INDICATE SENSITIVITY OF CURRENT 
CODE TO VARIOUS PARAMETERS 
Variable Range 
Tip Speed 28.6 - 114.4 rn/s 
Wind Speed 5 - 15 rn/s 
Pitch Angle 0 - 5 deg. 
Chord 75 - 125% 
Point ] may be due in part to the greater relative importance of 
mechanical noise for small turbines - turbine D had an exposed nacelle, and this 
may account for the very low predictions by both codes. 
Figures 6-9 to 6-10 show the difference between measured and predicted 
sound pressure levels as a function of tip speed, Figure 6-9 showing A-weighted 
values, while Figure 6-10 shows linearly weighted values for frequencies of 100 Hz 
and over. The mean and rms differences for the two codes are given in Table 6-5. 
Predictions for turbine D have been omitted in these calculations. The Clegg 
and Edinburgh codes give similar errors in A-Weighted levels, (1.1 and -0.8 
dB(A) respectively, but errors for linearly weighted levels are significantly 
different, being 4.1 dB and -0.9 dB respectively. 
Calculations of angles of attack for the blades of turbines H and D show 
that the blades were stalled up to half their length, (or two thirds of the length 
when H was running at a higher wind speed), while machine B, which was also 
stall regulated, was well below stall at all points along its length. As explained in 
Section 6.3.6, the code contains no reference to stall noise at angles of attack 
greater than about 250 . This could be an important noise source on the inner 
sections of stall regulated blades, where the angle of attack can be quite 
substantial up to 20% of the blade length. This might be remedied by including 
the Clegg-Oldham calculation. 
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Table 6-5: MEAN AND Rs DIFFERENCES BETWEEN MEASURED AND 
PREDICTED SPECTRA FOR THE GLEGG AND EDINBURGH CODES (Turbine D 
excluded owing to strong mechanical noise component) 
Comparison Glegg Edinburgh 
Mean A-Weighted 1.1 dB(A) -0.8 dB(A) 
Mean Linearly Weighted 4.1 dB -0.9 dB 
RMS A-Weighted 3.2 dB(A) 3.0 dB(A) 
RMS Linearly Weighted 5.3 dB 2.3 dB 
6.4 Variation of Predicted Noise Levels with 
Input Parameters 
6.4.1 Influence of Tip Speed on Predicted Noise Levels 
The prediction program was run for machine B at different rotational speeds to 
illustrate the influence of tip air speed on each of the noise generation methods. 
The four tip speeds considered were 28.6 m/s, 57.2 m/s (normal running speed), 
85.8 m/s and 114.4 m/s . In order to ensure that the angle of attack was constant 
for the four cases, the wind speed was scaled with the tip speed and the 
calculation for tip loss was omitted. The results are shown in the graphs on the 
next page Figure 6-11, and summarised in Table 6-6. 
One of the shortcomings of the program is that it appears to overestimate 
the sensitivity of high frequencies to tip speed. In chapter 5, it was seen from 
experimental data that high frequency sound is less sensitive to tip speed than is 
low frequency sound. One of the reasons for this overestimate can be seen in [t 1 
Fig. 751, which is reproduced here as Figure 6-15. 
Here trailing edge noise data 
are normalised and plotted against Strouhal number for a range of air speeds. It 
is clear that while the data collapse well near the peak Strouhal number, sound 
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This effect is not included in the prediction code developed for this thesis, nor in 
any other such code I have seen. An alternative explanation is that the models 
do not take any account of radial flow, which may be encountered near the tips 
on a full-size turbine. Further experimental data, preferably including flow 
visualisation, are needed to clarify this point. 
6.4.2 Influence of Pitch Angle on Predicted Noise Levels 
The aim of these comparisons was to indicate the effect of altering the pitch 
angle on noise predictions. Tip speed was kept constant at 57.7 m/s, while the 
wind speed was 12 m/s, which is close to rated for this turbine. No tip loss 
calculation was included, as this would have had the effect of reducing the net 
angle of attack in all three cases. Three cases were considered, 0°, 2.5° and 5°, 
and the corresponding average angles of attack over the last 10% of the blade are 
listed in Table 6-7. The results are given in Figure 6-12, and summarised below. 
Overall sound pressure levels are predicted to remain fairly constant, varying 
between 52-53 dB(A) as the pitch is increased from 0° to 5°. 
Low frequency noise (< 315 Hz) is reduced by 3-5 dB(A) as the pitch is 
increased. This is principally due to a reduction in separated flow noise. 
Noise in the 800 Hz-1.6 kHz bandwidth increases by 3-5 dB(A) as the pitch angle 
is increased from 0° to 5°. 
Noise above 3.15 kHz is approximately 3 dB(A) louder for the 2.5 deg and 5.0 deg 
cases than for 0 deg. 
Predictions for inflow turbulence noise are almost identical for the 2.5° and 5.0° 
pitch angle cases. This is because the gust response function is similar for these 
two angles. 
These results should be compared to the findings of chapter 7, Figure 7-10 
where measured data from a Windane 34 turbine indicate that increasing the 
pitch (decreasing the angle of attack) causes a reduction in low frequency noise 
(<315 Hz), an increase in noise at around 630 Hz, and a reduction in high 
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Table 6-6: 
TABLE TO ILLUSTRATE THE PREDICTED EFFECT OF TIP SPEED 
ON EACH NOISE GENERATION MECHANISM 
Noise Mechanism 
Comments 
SPL increases by 19 dB per doubling 
Inflow Turbulence of tip speed i.e. SPL 'x 
U6 3 . 
Noise 
Approximately 6 dB attenuation per doubling 
of frequency. 
SPL increases by about 16 dB per doubling 
Turbulent Boundary Layer of tip speed, i.e 
SPL oc U53.  
Trailing Edge Noise Maximum SPL at 28.6 rn/s occurs between 
80 and 10011z, while the maximum SPL at 
114.4 rn/s occurs at 160 Hz. 
Predicted spectrum and SPL depend strongly 
Trailing Edge Bluntness on bluntness. SPL increases 
Vortex Shedding Noise 
by approximately 19 dB per doubling of 
tip speed. Maximum SPLs occur at 400 and 630 Hz 
for 28.6 rn/s and at 1.6 and 2.5 kHz for 114.4 rn/s. 
SPL increases by about 19 dB per doubling 
Separated Flow Noise of tip speed, 
i.e.SPL oc U6.3 
Maximum SPL at 160 Hz for 28.6 rn/s and 
The program suggests that tip noise is  
Tip Vortex Shedding 
between 315 and 400 Hz for 114j
overalltant 
 
Experiments by Andersen et a 
Noise indicate that tip shape can alter t 
 
noise level significantly. 
The program predicts an increase in SPL of 
about 18-19 dB per doubling of tip speed. 
Maximum SPL's occur at 150 Hz for 26.5 rn/s 
and at 1.25kHz for 114.4 rn/s. 
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Table 6-7: AVERAGE TIP ANGLE OF ATTACK AND TOTAL SOUND 
PRESSURE LEVEL FOR THREE PITCH ANGLES 
Pitch Angle Tip Angle Overall Sound 
deg. of Attack Pressure Level 
deg. dB(A) 
0 7.2 52.1 
2.5 5.6 52.7 
5.0 E4.0 52.0 
6.4.3 Influence of Wind Speed on Predicted Noise 
Levels 
The aim of this section was to demonstrate the effect of increased wind speed on 
predicted noise levels, this is not exactly the same as altering the pitch angle, as, 
in addition to altering the angle of attack, turbulence increases with wind speed, 
thus increasing predicted inflow noise. 
The prediction program was run for machine B at wind speeds of 5, 7.5, 10, 
12.5 and 15 mIs, with tip loss calculation included. See Figure 
6-13. The average 
angle of attack over the last 10% of the blade is given in Table 6-8, together with 
predicted overall sound pressure levels at Ro. As expected, the only difference 
between these results and those of Section 6.4.2 is that the inflow turbulence 
noise increases more strongly. 
These results should be compared with the results of chapter 7 (Figure 7-6), 
in which the measured SPL of a Windane 34 turbine was found to increase at 
approximately 0.42 dB(A) / mis. 
6.4.4 Influence of Chord on Predicted Noise Levels 
Predictions for machine B with the chord length at its normal value were 
compared with similar predictions made with the chord at 75% and 125% of this 
value. See Figure 6-14. As before, the predictions were carried out with and 
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Table 6-8: AVERAGE TIP ANGLE OF ATTACK AND TOTAL SOUND 









5 1.3 51.6 
7.5 3.1 51.8 
10.0 5.1 52.2 
12.5 6.8 51.7 
15.0 9.2 53.2 
without a tip loss calculation. It is striking that most of the noise mechanisms 
appear to be insensitive to chord (see Section 6.3.5), but bluntness and tip noise 
were affected by chord length. The main effects are that noise from a larger 
chord appears to be slightly louder and peaked at lower frequencies. 
6.5 Conclusions and Recommendations 
A program has been written to predict the noise emission of any design of 
IIAWT, running under any reasonable wind or pitch conditions. The new 
features of the code are as follows: 
The new code incorporates a standard blade element performance routine, which 
calculates the local air velocity and angle of attack at each segment of the blade. 
The exact blade twist and chord distribution are included. 
The variation of aerofoil lift, drag and pressure coefficients with angle of attack is 
included. 
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As described in 3.11, the angle of attack at the tip is reduced owing to air flow 
from the pressure side to the suction side. The reduction, known as 'tip loss', can 
be significant over the last 10% of the blade, and so is included. 
Where appropriate, the pitch or tip schedule is included. This is very important 
for estimating noise emission in high winds. 
Some modifications have been made to existing calculations for inflow turbulence 
noise, [3,45,6], notably, the omission of an interference factor accounting for 
cancellation of sound emitted from various parts of the blade. This factor was 
thought to be inappropriate, as noise emission varies strongly with radial 
position, and so it seems unlikely that sound waves from inboard sections will 
have a significant cancelling effect on sound waves from outboard sections. 
Comparison of predictions with experiment and with predictions made using 
the Glegg code indicate that: 
the A-weighted predictions from both codes are similar, with an average error of 
1.1 dB(A) (Glegg) and -0.8 dB(A) (Edinburgh) 
linearly weighted sound pressure levels 
were more accurately predicted by the 
new code, the average discrepancies between prediction and experiment being 
4.1 dB (Lin) and -0.9 dB(Lin) for the Glegg and current codes respectively 
the error is affected by tip speed; for medium to high tip speed turbines, Glegg's 
code appears to overestimate noise at frequencies <400 Hz, and at frequencies 
>4kHz, while the Edinburgh code is more accurate at these frequencies, while, 
for low tip speeds, the code developed for this thesis appears to underestimate 
noise emission at all frequencies, 
the peak due to trailing edge noise is not always predicted at the correct 
frequency. This may be due to an inaccurate estimate of the bluntness or the 
trailing edge angle, which may not be exactly as specified; some of the 
manufacturers were unable to provide this data. However, recent experimental 
measurements on full scale turbines by Andersen et al. fit] indicates that trailing 
edge bluntness noise may be less important than has previously been assumed. 
The Glegg code does not predict a peak due to trailing edge bluntness noise. 
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It is not known to what degree the measured results were affected by 
broadband mechanical noise, although generally, this is thought to affect low tip 
speed turbines the most. It would be instructive to compare predictions for 
newer 'quiet' turbines with anechoically lined nacelles. 
Several predictions were made to indicate the sensitivity of the new code to 
various parameters, notably tip speed, pitch angle , wind speed and chord. The 
principal results are summarised below. 
The new code predicts the variation of low frequency noise with tip speed well, 
but overestimates the effect on noise in the range 3.15-8 kHz. 
Overall predicted noise levels were not affected as the pitch was increased from 
O-S°, but the spectrum changes, with noise at frequencies below 315 Hz reduced 
by 3-5 dB(A) and noise in the range 1-2 kHz increased by the same amount. This 
pattern may be different for other turbines, or at lower wind speeds. 
The effect of increasing wind speed is the same as that of increasing angle of 
attack, except that noise at lower frequencies is further increased due to the 
greater turbulence in the wind. 
Most of the noise mechanisms are insensitive to chord, but tip and bluntness 
noise were affected, with the overall noise levels increasing slightly, and the peak 
shifting to lower frequencies as the chord was increased. 
Further improvements could be made to this code, notably: 
to reassess the dependence of high frequency noise (3.15-8 kHz) on tip speed. 
to expand the model to include measured acoustic data for other aerofoils, 
to improve the tip noise prediction, as further experimental data becomes 
available, 
to reassess the calculation of trailing edge noise as more experimental evidence 
concerning this noise source emerges, 
optionally, to expand the stall-noise calculation to angles of attack in excess of 25 
degrees (this is likely to be of importance for stall regulated turbines in high 
winds only). 
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Table 6-9: TABLE OF AEROFOIL TRAILING EDGE ANGLES 
Aerofoil Trailing Edge Angle 
degrees 
NACA 4415 17 
NACA 4418 21 
NACA 23012 15 
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APPENDIX - The Dependence of Inflow 
Turbulence on Velocity and Chord 
Glegg's calculation 
SPL = 101og(
_W )2(pc)22x3Ubei__(YI)2g(w)_ . 2 	(6.21) 4irr0co 	 9it k 	(1+kj  ) 
Ignoring constants, and concentrating on dependence of variables on 
velocity, this equation becomes (if k1 >> 1) 
P oc uc2w 2 k;2 1 1g(w ) 	 (6.22) 
Glegg assumes the following 
cc U'e 	 (6.23) 
cc c 	 (6.24) 
cc U 	 (6.25) 
g(w) cc UC[1 	 (6.26) 
for low w, and 
g(w) cc UC2 	 (6.27) 
for high frequencies. Then 
P cc U( 1 + 2 + 1 )c( 2_t_ 1 +2 ) 	 (6.28) 
or 
P cc U667c°3 	 (6.29) 
for low frequencies, and 
P cc U667C067 	 (6.30) 
Bibliography 
for higher frequencies. 
NB: The criterion k 1  >> 1 is likely to apply even if the length scale is the 
chord length. 
The Edinburgh Calculation 
In this calculation, w is proportional to the free stream wind speed, W, rather 
than to the tip air speed, U. Similarly, neither k 1 nor k are proportional to the 
chord. Thus 
	
P OC  U467c' 	 (6.31) 
at low frequencies, and 
P o: U4.67 	 (6.32) 
at high frequencies. 
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Noise Measurements at Coal Clough 
Wind Farm 
7.1 Contents of this Chapter 
In chapter 5, comparisons of broadband noise from a variety of wind turbines 
were made. The main conclusion was that tip speed is the dominant factor, and 
primarily influences low frequency noise, while the effect of tip angle of attack on 
noise emission was less clear. The aim of these experiments was to determine the 
effect of tip angle of attack on noise under more controlled conditions. 
7.2 Background to Experiments 
As discussed in chapter 5, there are two methods of determining Lue importance 
of angle of attack for noise. Firstly, data can be taken at a variety of wind speeds 
with the turbine power schedule as designed. Alternatively, the turbine pitch 
schedule can be varied, so that, in constant winds, the tip angle of attack varies. 
The machine used for this analysis was a Vestas 34 turbine with rated 
electrical power of 400 kW, or aerodynamic power of 440 kW. The power curve is 
given in Figure 7-1. Vestas would not allow the pitch angle set point to be 
changed, and so it was decided to change the power set point. Thus, for a wind 
speed of 11.2 m/s, the output for zero pitch is 300 kW, and the tip angle of 
attack is approximately 4.8 degrees. If the power set point is reduced to 200 kW, 
the pitch changes to 7.6 degrees, and the tip angle of attack falls to 0.6 degrees. 
Figure 7-2 shows theoretical values of tip angle of attack as a function of wind 
251 
Chapter 7. Noise Measurements at Coal Clough Wind Farm 	 252 
speed and pitch for power set points of 200, 300 and 400 kW. Figure 7-3 shows 
the tip angle of attack plotted directly against pitch for each of the three power 
set points. All quantities were calculated using the standard blade element code 
described in chapters 5 and 6. The tip angle of attack refers to the average value 
over the last 10% of the blade, while the power quoted refers to the output 
power, i.e. with drive train losses of 10% subtracted. As before, a 
Prandtl-Anderson tip loss calculation was included in all calculations. 
7.3 Procedure 
Measurements were made at Coal Clough Windfarm, near Hebden Bridge in 
Lancashire, between the 13th and 17th July, 1993, and again between the 23rd 
and 26th of July. The windfarm comprises 24 Vestas Windane 34 machines of 
rated power 400 kW. All the data presented here were taken from turbine 3. 
Sound data were taken in accordance with the guidelines discussed in chapter 2, 
that is to say, on a hard reflecting board at a distance of hub height plus rotor 
radius downstream of the turbine. However, a round board, rather than a 
rectangular one was used. The diameter of the board was 1 metre. This is not 
yet standard procedure, but is expected to be recommended in the forthcoming 
European Commission Directorate of Energy guidelines. As mentioned in 
chapter 2, the acoustic behaviour of round and rectangular boards has been 
compared extensively by McKinnon et al. [1]. The data presented in this chapter 
have not been adjusted for the use of the reflecting board. 
Power and wind direction were measured continuously, and ten minute 
averages, together with standard deviations are quoted with the sound pressure 
data. The averages were calculated from samples taken at 11 Hz, but it was not 
possible to extract the 11 Hz data directly. Had this been possible, a more 
accurate assessment of the importance of tip angle of attack could have been 
made. 
The first data sets were taken using a standard LUCAS-GEL sound pressure 
level meter, (described in chapter 4), and the second set by using a Briiel & Kjr 
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SPL meter, type 2209. The B&K microphone has the advantage that the 
A-weighting filter is applied before the analogue to digital converter, which in 
effect means that the signal is not dominated by low frequency sound, and 
adequate dynamic range is available for audible sound. In both cases, the 
alternating output voltage was sent to a Diagnostics Instruments PL 20 FFT 
analyser. Both third octave and narrowband spectra were obtained, the third 
octave data ranging from 5 Hz - 5kHz, and the narrowband data from 
0 - 2.5 kHz. Most narrowband data were taken with a bandwidth of 6.25 Hz, but 
a few were taken at 2.5 Hz. Narrow band spectra are particularly important for 
this experiment, as the strength of mechanical tones varies with the power. 
There appeared to be some error in the calibration, as narrowband data were 
consistently found to be 1.3-1.4 dB(A) higher than their broadband counterparts, 
even when these data were taken at exactly the same power. For this reason, 
narrowband and broadband data have not been compared directly. 
Most data are averages of fifty spectra, and correlate with the 10 minute 
periods for which power and pitch are available. Using many averages means 
that the effects of wind noise are minimised, as this is a random noise source. In 
some cases, readings were cut short, because of high background noise, e.g. 
aircraft passing overhead or cars on the access road. 
At high winds, there were intermittent bursts of loud aerodynamic noise, 
similar to a tearing noise. This may be due to separated flow. 
Data were obtained over a wide range of wind speeds. It was noticeable that 
mechanical tonal noise increases with power output. Narrowband data were used 
to calculate the intensity of tones for various power outputs (see 7.4.2). All data 
presented in the graphs has been adjusted to account for tones. 
For much of the final three days, the winds were high, thus permitting the 
use of power control. Recordings were made with the power set point at 200 kW, 
300 kW and 400 kW. There was a perceptible drop in both mechanical and 
aerodynamic noise when the power output was diminished. 
Background noise measurements were made at winds of approximately 
7.5 m/s and 11.5 m/s. The measurements at 7.5 m/s were taken near turbine 3, 
with this turbine stopped, but nearby turbines running. The measurements at 
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the higher windspeed were taken several hundred metres away, where the 
windfarm was barely audible. These measurements are shown in Figure 7-4. For 
comparison, a data set taken with the turbine running in a wind of about 
7.5 rn/s is shown. It can be seen that the background noise is not important 
relative to the turbine noise even at 11.5 rn/s. 
7.4 Results 
7.4.1 Overall Noise Levels 
Figure 7-5 (left) shows the increase in total broadband sound levels as the tip 
angle of attack increases from 1 deg to 7 deg. The increase appears to be 0.43 ± 
0.077 dB(A) /deg. Figure'7-6 shows the same information plotted against wind 
speed, and has a gradient of 0.42 + 0.068 dB(A) / rn/s. Direct measurements of 
wind speed were not available, and so these have been calculated from the power 
curve. In both cases, the errors on the gradients are fairly high, about + 18%. 
These figures appear low; Vestas' own measurements for a previous design of the 
Windane 34 [2] indicate an increase in sound power level of 0.86 dB(A) per m/s. 
The discrepancy may be due to the new design of gear box and anechoic 
cladding fitted to the machines at Coal Clough. In addition, the data recorded at 
Coal Clough has been adjusted for tones. 
Crone [3,4] states that the aerodynamic noise from a typical wind turbine 
increases by 0.5-1.5 dB per m/s, with a slightly lower increase of 0.5-1.0 dB per 
rn/s for tonal noise. Lowson ] predicts a dependence of approximately 
0.6 dB(A) per rn/s for the total aerodynamic noise, but states that mechanical 
noise is strongly influenced by wind speed, with gear noise increasing by 3 dB per 
doubling of load and 6 dB per doubling of speed. Private communication with 
commercial manufacturers Vestas, Bonus, Windmaster, Nedwind, Micon and 
Wind Energy Group indicate that the sensitivity of overall sound power of 
typical medium sized turbines to wind speed is between 0.4-1.4 dB(A) per m/s. 
Communication with gearbox manufacturers Allen gears, David Brown and 
Flender indicate that noise emission from modern gearboxes is considerably less 
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sensitive to load than that from older designs with larger transmission errors. 
However, gear transmission error, and consequently noise emission, is likely to 
increase with age. 
Of the aerodynamic noise mechanisms, Lowson predicts that low frequency 
noise (inflow turbulence noise) is strongly but non-linearly affected by wind 
speed, while high frequency noise (trailing edge noise) is almost unaffected. See 
Figure 7-7. The code developed for this thesis predicts similar behaviour, as 
discussed in chapter 6. 
7.4.2 Mechanical Noise 
Narrow band spectra were taken at each power set point. Despite the use of 
sound absorbent material lining the nacelle walls, strong tones were detected by 
the microphone, some of which were up to 12 dB(A) above the aerodynamic 
broadband noise level. The frequency of these tones varies, even for the same 
power output. For example, recordings made on the 25th July show tones at 
418.75 and 1137.50 Hz, which exceed the aerodynamic noise levels by 10 and 
9 dB(A) respectively, while recordings made on the 26th July show tones at 700 
and 1137.50 Hz, which exceed the broadband noise by 10.6 and 8.3dB(A) 
respectively. In both cases, the power output of the turbine was between 380 and 
400 kW. Smaller peaks, exceeding the broadband levels by about 4 dB, were 
detected at 1881.25 Hz and 1981.25 Hz on both occasions. 
Tones cover an extremely narrow range of frequencies, and therefore add 
little to the overall sound pressure level (about 0.4-0.5 dB(A) in the case of this 
data). However, individual third octave bands are affected, particularly the low 
frequency bands. See Tables 7-2 to 7-5. The intensity of tones at 400 kW 
appears to vary less from data set to data set than that at 300 kW. Tones cause 
annoyance disproportionate to their sound pressure level. 
Narrowband spectra indicate that when the power set point is reduced in a 
high wind, the tones become weaker. With the power set point at 200 kW, the 
tones at 418.75, 700 and 1137.50 Hz disappear, while the tones at 1875.0 and 
1975.0 Hz remain between 3 and 5 dB above the aerodynamic background noise 
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level. With the power set point increased to 300 kW, the tone at 1137.50 Hz 
reappears, between 6 and 8 dB above the broadband level, while the tones at 
1875.0 and 1975.0 Hz increase to about 7 dB above this level. Typical 
narrowband spectra for each power set point are shown in Figures 7-8 to 7-9. 
Average narrowband spectra are shown in Figure 7-10. The bandwidth in these 
figures is 6.25 Hz. 
7.4.3 Aerodynamic Noise at Different Power Settings 
The overall noise level does not increase significantly as the power set point is 
increased from 200 kW to 400 kW, the average SPL's for narrowband data being 
59.4, 59.8 and 59.5 dB(A) at 200, 300 and 400kW respectively. However, the 
spectrum appears to change markedly. Figure 7-10 shows comparisons of the 
average narrowband spectra at each power setting. It is clear that there is a 
large increase in high frequency noise (> 1.5 kHz) when the power set point is at 
400 kW. Figure 7-13 shows the broadband data calculated from the narrowband 
data used above, but with the tones removed. 
There are three significant points: 
Noise levels above 1.5 kHz are much higher for the 400 kW setting than for either 
the 300 kW or 200 kW settings. 
Noise levels below 250 Hz are between 1.5-3 dB higher for the 400 kW setting 
than for the 300 kW and 200 kW settings. 
Both the 200 kW and 300 kW data show a prominent peak at 630 Hz, which is 
absent for the 400kW setting. This peak is between 2-3dB high. 
Figure 7-11left shows comparisons of third octave data taken at a power 
output of 200 kW with and without pitching. The average angles of attack at the 
tip are -0.38 and 3.65 deg respectively. Frequencies under 500 Hz appear to be 
unaffected by the change in angle of attack. However, the -0.38 deg data set 
shows a pronounced peak at 630 Hz (approximately 2.5-3 dB higher than the 3.65 
deg data set), while noise at frequencies above 1.25 kHz drops off much more 
rapidly for lower tip angle of attack. Figure 7-11 right shows similar comparisons 
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for a power output of 300 kW and tip angles of attack of 1.15 and 6.34 deg. Here, 
the difference is less pronounced, and both data sets show an aerodynamic noise 
'hump' at 630 Hz, but as before, high frequencies fall off more quickly for the low 
tip angle of attack than for the higher one. This is of interest, because 
experimental trailing edge noise data from Brooks, Pope and Marcolini [6, 
p18-19, figures 11 a & b & 13 a & b] show the opposite trend; for a 30.48 cm 
chord in an air flow of 55.5 m/s, there is a distinct hump between 300-2000 Hz 
for an angle of attack of 3.0 deg, but none for 0 deg, and noise above about 
2.5 kHz appears to fall off at the same rate for both angles of attack. 
7.4.4 Comparison with Predictions 
As a test of the prediction code developed for this thesis, it was decided to 
compare predicted effects of pitch with measured noise spectra. The most 
marked spectral difference found experimentally was the 200 kW pitched and 
unpitched comparison, (Figure 7-11 left), and so these conditions were replicated 
in the prediction (see Table 7-1). 
Table 7-1: CONDITIONS FOR 200 KW NOISE PREDICTIONS 
Prediction Wind Speed Pitch Angle Tip Angle 
Number mis deg. of Attack 
deg. 
1 8.9 0.0 3.57 
2 11.5 10.0  
The results are given in Figure 7-12. Comparing to Figure 7-11 left, it can 
be seen that agreement is reasonable up to 500 Hz, and that the peak is 
predicted to be louder for the pitched case than the unpitched. However, the 
frequency of the peak is predicted to be about 2 kHz, instead of the experimental 
value of 630 Hz. In addition, the marked decrease in noise above 2 kHz observed 
from the pitched experimental spectra is not predicted. 
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7.4.5 Loud Intermittent Aerodynamic Noise 
At high power, there were intermittent bursts of loud aerodynamic noise, similar 
to a "tearing" sound. Several short data sets were taken recording this noise 
only. These were compared to data which excluded these bursts of sound. 
Figure 7-14 shows the comparison of the third octave recordings. The relative 
pitch and power of the two readings is not known, because only 10 minute 
averages were available. However, this kind of noise was only significant in high 
winds. Recordings did not show any significant increase in noise, the average 
SPL's of the two sets of readings being 59.75 ± 1.04 dB(A) and 58.79 ± 
0.67 dB(A) respectively. This was probably due in part to the difficulty in 
recording only when the noise was present. 
7.4.6 Screeching Aerodynamic Noise 
Occasionally, a screeching noise, similar to geese was heard. This is believed to be 
due to Tollmein-Schliting instability, (see chapter 3). The pitch schedule of the 
machine has been changed so that this noise source is kept to a minimum, and 
during these experiments it was never noticeable for more than half a minute. 
7.5 Conclusions 
The conclusions of these experiments are as follows: 
The overall sound pressure level increases with tip angle of attack by 
approximately 0.43 dB(A) /deg, provided that the machine is regulating at 
400 kW and the angle of attack is always positive. This is low compared to 
Vestas' own measurements, which were performed on an earlier design of the 
Windane 34. 
The graph of SPL versus a shows a minimum at a = 0. It appears that, at low 
negative angles of attack, noise is related to the magnitude of the angle of attack. 
Narrowband spectra are essential for these experiments as they allow 
quantification of the tonal components. 
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Data taken at the same power output but different pitch control regimes show 
significant and repeatable spectral differences. For an output of 200 kW, the data 
set with pitch control shows a large broadband peak at 630 Hz, but is quieter at 
frequencies above 1.25 kHz. Frequencies below 500 Hz appear to be unaffected by 
pitch control. A similar but less pronounced effect is observed at 300 kW. This 
result is in contrast to the findings of Brooks et al. who measured noise trailing 
edge noise from two dimensional aerofoils. 
Reducing the power set point from 400 kW to 200 kW in a high wind has a 
negligible effect on the broadband noise level. However, the spectrum changes 
substantially, with a slight reduction in low frequency noise (<315 Hz), increased 
noise at 630 Hz and a reduction in high frequency noise (>1.25 kHz). 
5. Most data sets contain tones in the 1.25 kHz and 2kHz bandwidths. At 
moderate to high power (>300 kW) there may also be tones in the 400 Hz and 
800 Hz bandwidths. The strength of all tones increases with power, but some 
masking of tones at 1.25 kHz occurs at power output near 400 kW. 
7. Predictions for 200 kW pitching and non-pitching cases appear to overestimate 
the peak frequency, but do indicate that noise at the peak frequency is higher for 
the lower angle of attack (the pitched case). They show no perceptible difference 
in pitched and unpitched sound levels at frequencies >2 kHz. 
During these experiments, a subjective impression was that the noise 
appeared to diminish when the power set point was reduced. However, the most 
pronounced effect of changing the pitch was to change the broadband spectrum, 
rather than the overall sound level. This agrees broadly with the predictions 
discussed in chapter 6 6.4.2, although noise in the 1-2kHz range is predicted to 
increase, not decrease, as the pitch angle is increased. 
Current regulations stipulate only maximum allowable sound levels, but it 
may be that some types of broadband noise are more aesthetically acceptable 
than others. For example, white noise, (which has equal sound power at all 
frequencies) is a sharp hissing noise, whereas pink noise (which falls off by 3 d 
per doubling of frequency) is generally thought to be a pleasant, natural 
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sounding noise. A second example of spectral differences in noise of the same 
loudness is the difference between male and female voices, which are identical 
between about 315 Hz and 3.15 kHz, but differ at frequencies outside this range. 
(See Kinsler [7, p  275, figure 11.6].) In terms of assuring public acceptability, it 
might be in the interests of wind turbine manufacturers to read the literature on 
psychological acoustics. 
Finally, it should be noted that the results of these experiments are in 
opposition to those of chapter 3, in which noise from the MS1 above and below 
rated were compared. In that case, it was found that the overall noise level 
diminished when the blade was pitched, and that the reduction occurred 
principally for frequencies below 2 kHz. This may be due to the very different 
aerodynamics of the two turbines, (The MS1 pitches at 20% span, while the 
Windane 34 pitches at full span). Alternatively, the effect noted for the MS1 
may not be real, as the pitched and non-pitched noise data were measured at 
different distances. 
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Table 7-2: THE INCREASE IN SPL OF THREE THIRD OCTAVE BANDS DUE 
TO TONES, POWER SET POINT 400 KW 
Data Set Number 400 Hz Band 
dB 






332 3.86 0 2.08 1.03 
333 3.37 0 2.13 1.05 
334 4.12 0 2.14 0.91 
335 2.96 0 2.20 0.94 
336 4.13 0 2.36 0.78 
351 0 0 1.14 0 
352 0 1.93 1.63 1.08 
353 0 3.31 1.75 1.13 
354 0 2.42 1.95 1.43 
355 0 2.26 1.02 1.13 
356 0 1.86 1.80 1.39 
357 0 2.30 1.98 0.99 
Table 7-3: THE INCREASE IN SPL OF THREE THIRD OCTAVE BANDS DUE 
TO TONES, POWER SET POINT 300xW 




385 0.94 1.47 
386 1.49 2.36 
387 1.39 2.40 
388 1.15 2.11 
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Table 7-4: THE INCREASE IN SPL OF THREE THIRD OCTAVE BANDS DUE 
TO TONES, POWER SET POINT 200KW 




378 1.09 1.21 
379 0.00 1.46 
380 0.78 1.49 
381 0.81 1.76 
Table 7-5: THE INCREASE IN SPL OF VARIOUS THIRD OCTAVE BANDS DUE 










110-130 119 t 2.72 3.52 1.12 
123 t 2.91 1.54 0.72 
130 t 3.12 0.88 1.15 
200-220 303 0 1.02 0.48 
305 0 1.12 0.38 
306 0 0.96 0.40 
370-390 333 3.67 1.95 1.34 
334 4.16 1.96 1.48 
353 1.74 1.77 1.27 
357 1.65 2.03 0.96 
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Table 7-6: PITCH AND POWER VARIATIONS FOR THIRD OCTAVE BAND 
SPECTRA TAKEN AT POWER SET POINTS OF 200, 300 AND 400 KW 













382 10.6 1.8 202.6 19.6 -0.4 0.57 
383 11.1 1.8 196.4 19.5 -0.54 0.58 
384 9.9 2.4 204.3 25.7 -0.14 0.83 
300 kW 
389 9.0 2.9 296.1 15.5 1.2 1.2 
390 9.3 3.6 300.8 19.1 1.0 1.09 
400 kW 
362 5.6 3.0 387.3 24.9 6.61 4.11 
363 5.6 3.0 387.3 24.9 6.61 4.11 
364 5.6 3.0 387.3 24.9 6.61 4.11 
370 5.4 3.2 400.2 37.5 6.62 4.12 
371 5.4 3.2 400.2 37.5 6.62 4.12 
372 5.4 3.2 400.2 37.5 6.62 4.12 
373 6.5 2.5 406.3 40.1 3.09 1.10 
374 6.0 2.9 396.3 12.1 3.34 1.29 
375 j 	3.9 2.7 380.3 48.4 4.24 1.33 
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Table 7-7: PITCH AND POWER VARIATIONS FOR NARROWBAND SPECTRA 
TAKEN AT POWER SET POINTS OF 200, 300 AND 400 KW 

























378 10.7 2.9 214.1 60.4 -0.40 1.01 11.43 1.06 
379 10.7 2.9 214.1 60.4 -0.40 1.01 11.43 1.06 
380 11.8 2.2 207.8 17.0 -0.81 0.74 12.08 1.13 
381 11.8 2.2 207.8 17.0 -0.81 0.74 12.08 1.13 
Soo kw 
385 6.8 2.6 296.5 21.9 2.04 1.10 12.43 0.87 
386 6.8 2.6 296.5 21.9 2.04 1.10 12.43 0.87 
387 9.0 3.1 298.8 21.5 1.16 1.25 13.16 1.20 
388 9.0 3.1 298.8 21.5 1.16 1.25 13.16 1.20 
400 kW 
332 5.7 2.8 410.1 24.2 3.48 1.20 13.72 0.75 
333 6.9 3.6 390.6 31.1 2.91 1.58 14.01 1.41 
334 3.9 2.7 382.7 40.4 4.34 1.19 13.37 0.56 
335 4.1 2.7 392.5 52.7 4.16 1.21 13.40 0.58 
336 4.1 2.7 392.5 52.7 4.16 1.21 13.30 0.58 
353 6.7 3.3 387.6 31.7 3.00 1.44 13.96 1.01 
354 6.7 3.3 387.6 31.7 3.00 1.44 13.96 1.01 
355 4.9 2.6 394.6 38.0 3.71 1.31 13.53 0.65 
356 4.7 2.5 389.5 35.8 3.87 1.08 13.49 0.60 
357 4.7 2.5 389.5 35.8 3.87 1.08 13.49 0.60 
























Figure 7-1: POWER CURVE FOR WINDANE 34 (theoretical values) 
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Figure 7-2: PITCH ANGLE AND Tip ANGLE OF ATTACK AS A FUNCTION OF 
WIND SPEED FOR THREE POWER SET POINTS N.B. drive train losses 
subtracted 
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Figure 7-3: TIP ANGLE OF ATTACK VERSUS PITCH ANGLE FOR THREE 
POWER SET POINTS N.B. drive train losses subtracted 
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Figure 7-4: BACKGROUND NOISE LEVELS AT 7.5 M/S AND 11.5 M/S 
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Figure 7-5: A-WEIGHTED SOUND PRESSURE LEVELS AS A FUNCTION OF TIP 
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Figure 7-6: A-WEIGHTED SOUND PRESSURE LEVELS AS A FUNCTION OF 
FREE STREAM WIND SPEED 
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Figure 7-7: LOWSON'S PREDICTION FOR THE VARIATION OF AERODYNAMIC 
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Figure 7-10: COMPARISON OF AVERAGE NARROWBAND SPECTRA FOR 
POWER SET POINTS OF 200, 360 AND 400xW Bandwidth = 6.25 Hz 
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Figure 7-11: COMPARISON OF AVERAGE SOUND PRESSURE LEVELS FOR 
PITCHING AND NON-PITCHING CASES power=200 kW left AND power=300 kW 
right 
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Figure 7-12: PREDICTIONS OF NOISE LEVELS FOR PITCHING AND 
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Figure 7-14: RECORDINGS OF INTERMITTENT LOUD AERODYNAMIC NOISE 
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Chapter 8 
Summary, Conclusions and 
Recommendations for Future Work 
The initial chapters of this thesis provide background information to put the 
work into context, giving brief accounts of the need for a clean energy source, the 
role of noise in wind turbine planning applications and the various theoretical 
studies of noise emission from aerofoils. 
The thesis set out to investigate several questions: 
How much discrepancy is there between existing noise theories and experimental 
data from wind turbines? 
Can information concerning the importance of tip speed and tip angle of attack 
be extracted from comparisons of experimental data? 
Is it possible to detect the influence of tip angle of attack on noise by changing 
the power set point of a pitch controlled machine? 
Can an improvement be made on existing noise prediction programs? 
AI'] 
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8.1 Comparison of Noise Measurements 
A first stage in determining which parameters influence noise emission is to 
compare existing noise data from a variety of different turbines. Some of the 
data were taken from published academic papers, others from wind turbine 
certification reports. Some reports were found to be unsuitable, either because 
the measurements had not been made in accordance with I.E.A. standards, or 
because a frequency analysis was not given. For these comparisons, octave or 
third octave measurements were required. There was a lack of data, and so it 
was decided to make new measurements from three turbines. 
8.1.1 New Noise Measurements from Three HAWT's 
Three different designs of turbine were chosen for examination: a large tip 
regulated turbine (the Howden 750 kW), a medium sized pitch regulated turbine, 
(the WEG MS1 250 kW), and a small stall regulated turbine, (the Vestas 
V17/75 kW). These measurements are reported in chapter 4. The main findings 
of these experiments were as follows: 
Noise emission at low frequencies (c 200 Hz) appears to increase with wind 
speed for all three turbines. 
It is not clear whether noise at high frequencies is affected by wind speed. 
Measurements for the Howden 45/750 between 8.1 and 11.0 m/s do not show a 
significant increase in noise in the kHz range. Comparisons of noise from the 
V17/75 at 8.5 and 12.25m/s appear to show a shift in the spectral 'hump' from 
2kHz to 4kHz. However, comparisons of data taken at 8.0-9.0m/s at different 
distances indicate variation in 'hump' frequency from 2.0-2.5 kHz. 
Noise emission from the Howden 750 was found to be non-directional, while noise 
from the higher tip speed MS1 showed a slight decrease in the rotor plane. 
It appears that the pitch schedule may alter the spectrum. Noise measurements 
from the MS1 indicate that noise below 2 kHz is reduced as the wind increases 
from 16.7m/s to 18.8m/s and the blade pitches to limit power. This result lead 
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to a more detailed examination of the effects of blade pitch on noise, discussed in 
chapter 7. 
8.1.2 Normalisation Procedure 
To make rigorous comparisons of noise from different turbines, a normalisation 
procedure was required. The procedure adopted was as follows: 
All spectra were expressed as linearly weighted third octave band values. 
Where appropriate, 6 dB was subtracted to account for reflection off a hard 
board. 
Background noise was subtracted logarithmically. In general, background noise 
was insignificant, except at high wind speeds. 
If narrowband measurements were available, the effects of mechanical tones on 
the broadband spectrum were subtracted. 
The data were normalised to a standard distance of hub height plus rotor radius, 
by use of a standard procedure developed by Ljunggren et at C 1%) 
The average angle of attack over the last 10% of the blade was calculated using a 
standard blade element program, including the effects of pitch schedule and tip 
loss. 
8.1.3 Effect of Tip Speed on Noise Emission 
Data were taken from pitch, tip and stall, regulated turbines, with tip speeds 
ranging from 44.0 - 130.0m/s and rated power from 60 kW to 4MW. 
Comparisons of data from turbines with similar tip angle of attack, but different 
tip speeds indicated that the lowest frequencies are the most affected by tip 
speed, the dependence being approximately: 
SPL100HZ CC U57 	 (8.1) 
SPL250HZ IX U4-5 . 	 ( 8.2) 
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Sound at frequencies above about 1 kHz appears to be almost unaffected by 
tip speed. This is one of the principle results of this thesis and contrasts strongly 
with accepted noise prediction methods [1,2], which state that inflow turbulence 
noise (which is low frequency, generally c 630 Hz) has a lower dependence on tip 
speed than trailing edge noise (which is high frequency, in the range 800 Hz - 
4kHz). The predicted dependences areas follows: 
cc U3-4 	 (8.3) 
SPLtr aihngedg e cx U56 . 	 (8.4) 
The result is, however, open to question on the grounds that broadband 
mechanical noise from the nacelle components may alter the overall noise level in 
some frequency bands, particularly for low tip speed turbines. The bands most 
likely to be affected are the low frequencies, generally 31.5-200 Hz, as higher 
frequencies are more strongly absorbed by the nacelle walls. Two of the turbines 
discussed in the comparison had anechoic lining in the nacelle; but details of the 
thickness and absorption coefficient spectra were not available. A new generation 
of 'silent' turbines, with anechoic cladding and structural isolation of the gearbox 
and generator is currently being developed. Comparison of data from these 
turbines using the procedure described above could clarify the question of how • 
aerodynamic noise icvels are affected by tip speed. 
8.1.4 New Experiments to Assess the Effect of Wind 
Speed and Tip Angle of Attack on Noise Emission 
As previously mentioned, the effects of wind speed and angle of attack are not 
easily separated. As far as high frequencies are concerned, increasing the wind 
speed is exactly the same as increasing the angle of attack, provided that the 
pitch does not alter. However, low frequency inflow turbulence noise is dependent 
both on the angle of attack and on the amplitude of turbulent fluctuations in the 
wind, which is directly proportional to the wind speed, although also strongly 
influenced by the terrain. Consequently, we would expect that low and high 
frequencies would be affected differently by increases in wind speed. 
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Comparisons of noise measurements from turbines with similar tip speeds, 
but different tip angles of attack did not give a consistent result; some spectra 
show a marked 'hump' which shifts to higher frequencies as the wind speed, or 
tip angle of attack, increases, whereas in others, low frequency noise appears to 
be most affected. For this reason, a set of more detailed experiments were carried 
out to assess the effects on noise emission of altering the pitch of the blades. The 
experiments were carried out using commercial pitch regulated Windane 34 
turbines at Coal Clough Wind Farm in Lancashire. Under normal conditions, the 
maximum power of these turbines is 400 kW, but the control system allows the 
maximum power set point to be specified to any value within the range 
200-400 kW. The blade simply pitches more to limit the power to the required 
value. The angle of attack at the tip can be calculated from the blade element 
programs as before. In principle, this experiment has the advantage that the 
effects of wind speed and angle of attack can be separated; data can be taken at 
constant wind speed, but with a range of pitch angles. In addition, since 
background noise is directly related to wind speed, we can be confident that the 
background noise is fairly constant during such comparisons. However, in 
practice, it was only possible to obtain ten minute average readings of power and 
pitch from the turbine's controller, together wind standard deviations of each, 
and from these values it could be seen that on some days, there were significant 
changes in wind speed over a ten minute period. Average narrowband spectra 
over the 10 minute period were calculated using a Diagnostics Instruments PL 20 
FFT analyser. Some mechanical tones were found, and subtracted from the 
spectra. It was noticeable that both the strength and the frequency of the tones 
depended on the power developed. 
The broadband spectra taken at wind speeds near 13 m/s showed four 
significant, repeatable results: 
Overall noise levels do not change significantly as the power set point is reduced 
from 400 to 200kW. 
Noise levels above 1.5 kHz are much higher for the 400 kW setting than for either 
the 300 or 200kW settings. 
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Noise levels below 250 Hz are 1.5-3.0 dB higher for the 400 kW setting than for 
either the 300 kW or 200 kW settings. 
Spectra taken at both 200 and 300 kW settings show a prominent peak at 
630 Hz, which is absent in the 400 kW spectrum. This peak is 2-3 dB high. 	C 
Comparisons were also made of noise at 200 kW with and without power 
control, i.e. at high wind speed with pitched blades, and then at low wind speed, 
with unpitched blades. The tip angles of attack were calculated to be -0.38 deg 
and 3.65 deg respectively. The results were broadly the same as above, except 
that frequencies below 500 Hz appeared to be unaffected by the change in angle 
of attack. This may be due to the effects of aerofoil response function and wind 
speed acting against each other, that it, the aerofoil is less sensitive to gusts at 
-0.38 deg than at 3.65 deg, therefore reducing inflow turbulence noise, but the 
wind speed, and therefore amplitude of the turbulence is greater, therefore 
increasing it. Similar results are obtained from comparison of measurements 
made at 300 kW with and without pitching of the blades. 
Finally, it should be noted that the results of these experiments are in 
opposition to those of chapter 3, in which noise from the MS1 above and below 
rated were compared. In that case, it was found that the overall noise level 
diminished when the blade was pitched, and that the reduction occurred 
principally for frequencies below 2 kHz. The difference may be due to the very 
different aerodynamics of the two turbines: the MS1 has a much higher tip 
speed, and pitches from the 20% span, while the Windane 34 pitches over the full 
span. Alternatively, it may be that the effect recorded for the MS1 was not 
genuine, as it was based on only two measurements, taken at different distances. 
Chapter 8. Summary, Conclusions and Recommendations for Future Work 286 
8.2 Development of an Aerodynamic Noise 
Prediction Code 
8.2.1 Basis of Code 
To date, noise prediction codes have not taken account of the detailed design of 
the rotor, that is, the blade chord distribution, aerofoil profile, blade twist and 
pitch schedule. Since these are the parameters which a designer can alter, it 
seems important to incorporate them. The program written for this thesis uses a 
commercial aerodynamic subroutine to calculate the local velocity and angle of 
attack at each blade element. These parameters, together with local chord are 
used as inputs to the noise calculation subroutine. The advantage of using an 
accurate, well-validated aerodynamic code is that discrepancies between the 
predicted and experimental noise levels can be attributed with confidence to 
inaccuracy in the noise prediction calculation. In particular, the inclusion of 
pitch schedules and tip loss calculations ensure that an accurate value of the 
angle of attack is obtained. 
The noise prediction code itself is derived from two sources. Calculations for 
all self-noise mechanisms, that is turbulent boundary layer noise, trailing edge 
bluntness vortex noise, tip vortex noise and separated flow noise are taken 
directly from Brooks et al. [3]. Their prediction is largely empirical and is based 
on very detailed wind tunnel experiments. This model was chosen because it 
predicts a lower dependence of high frequencies on tip speed than some other 
models, e.g. Glegg [1]. In addition, the frequency of trailing edge bluntness noise 
appears to be well predicted when data on trailing edge bluntness is available. 
However, the intensity of trailing edge bluntness noise may be over-predicted. 
Calculation of inflow turbulence noise is taken from theory by Amiet and 
Clegg [1], but several modifications to the theory have been made. Firstly, the 
turbulence is assumed to be of atmospheric origin, rather than being due to the 
previous blade. This assumption is supported by full-scale flow visualisation 
studies by Antoniou and Pedersen [4] which indicate that at very low wind 
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speeds there is an interaction between the blades and the near wake, but that 
this interaction is more pronounced inboard than near the tip. No such 
interaction was observed at moderate or high wind speeds. Secondly, allowance 
has been made for the different characteristics of different aerofoils. Fundamental 
theory [5] indicates that noise is proportional to the rate of change of force on an 
aerofoil. This can be calculated by integrating the aerofoil pressure coefficient 
along the chord, up to the point at which separation occurs. 
To summarise, the new features of the code are as follows: 
It incorporates a standard blade element performance routine, which calculates 
the local air velocity and angle of attack at each segment of the blade. 
The exact blade twist and chord distribution are included. 
The variation of aerofoil lift, drag and pressure coefficients with angle of attack is 
included. 	 - 
As described in Section 3.11, the angle of attack at the tip is reduced owing to air 
flow from the pressure side to the suction side. The reduction, known as 'tip loss', 
can be significant over the last 10% of the blade, and so is included in this code. 
Where appropriate, the pitch or tip schedule is included. This is very important 
for estimating noise emission in high winds. 
Some modifications have been made to existing calculations for inflow turbulence 
noise, [6,7,8,9], notably, the omission of an interference factor accounting for 
cancellation of sound emitted from various parts of the blade. This factor was 
thought to be inappropriate, as noise emission varies strongly with radial 
position, and so it seems unlikely that sound waves from inboard sections will 
have a significant cancelling effect on sound waves from outboard sections. 
8.2.2 Influence of Tip Speed on Predicted Noise Levels 
The aim of these comparisons was to indicate the predicted sensitivity of noise at 
different frequencies to tip speed. Turbine B was chosen for all comparisons. 
Normally, increasing the tip speed would increase the tip loss, and therefore the 
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angles of attack would be different in each case. For this reason, the tip loss 
calculation has been omitted, and the graph shows the predicted effect of air 
speed only. The results of these comparisons are shown in Figure 6-11 and 
summarised here: 
The overall sound pressure level shows an approximately uniform increase of 
noise with tip speed, (10dB per doubling of tip speed) regardless of the 
frequency. This conflicts with the findings of chapter 5, namely that high 
frequencies are less sensitive to tip speed than low ones. 
For this turbine, inflow turbulence is predicted to be the dominant mechanism at 
almost all frequencies although there is some influence by trailing edge bluntness 
noise and separated flow noise, particularly when the tip speed increases. 
Lowson [2] suggests that there are likely to be considerable variations from the 
theory at high frequencies, when the gust length is less than the leading edge 
radius. 
Noise due to the interaction of a turbulent boundary layer with the trailing edge 
is predicted to increase by 8 d per doubling of tip speed at low frequencies, (< 
125 Hz) and by 10 dB per doubling of tip speed at frequencies in the kHz range. 
The peak due to trailing edge bluntness noise becomes more prominent and 
higher pitched as the tip speed is increased, moving from 1.25 kHz to 2.5 kHz as 
the tip speed is increased from 57.2m/s to 114.4m/s. Depending on the 
bluntness, there may be one or two peaks. If a sharp trailing edge is used, noise 
in the kHz range becomes less sensitive to angle of attack. Increasingly, 
manufacturers are sharpening trailing edges to 0.2% of chord. 
Separated flow noise also becomes more prominent relative to the total, even 
though the angles of attack have not changed. One reason for this is that the 
separated flow noise peak frequency increases to a value at which inflow 
turbulence noise is less important. 
Point [i] is very important, because it implies that existing codes (including 
the one developed for this model) overestimate the sensitivity of noise in the kHz 
range to tip speed. 
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8.2.3 Influence of Pitch Angle on Predicted Noise Levels 
The aim of these comparisons was to indicate the effect of altering the pitch 
angle on noise predictions. As before, turbine B was chosen for analysis. Both 
tip speed and wind speed were kept constant, and the tip loss calculation was 
omitted, as to include it would have had the effect of reducing the net angle of 
attack in all three cases. Three pitch angles were considered, 00,  2.5° and 50,  and 
the corresponding average angles of attack over the last 10% of the blade are 
listed in Table 8-1. The results are given in Figure 6-12, and summarised below. 
Overall sound pressure levels are predicted to remain fairly constant, varying 
between 52-53 dB(A) as the pitch is increased from 0 to 5 deg. 
Low frequency noise (C  315 Hz) is reduced by 3-5 dB(A) as the pitch is 
increased. This is principally due to a reduction in separated flow noise. 
Noise in the region 800 Hz-1.6 kHz increases by 3-5 dB(A) as the pitch angle 
increases from 0-5deg. 
Noise above 3.15 kHz is approximately 3dB(A) louder for the 2.5 deg and 5.0 deg 
cases than for 0 deg. 
Predictions for inflow turbulence noise are almost identical for the 2.5 and 5.0 0  
pitch angle cases. This is because the gust response function is similar for these 
two angles. 
Points 17  and [3] agree broadly with the experimental findings of chapter 7, 
although, for the Windane 34, the 'hump' was centred on 630 Hz rather than the 
predicted value for this turbine of 2 kHz. However, it appears that point [4] is in 
disagreement with experimental findings that noise at high frequencies decreases 
with increasing pitch angle. 
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Table 8-1: AVERAGE Tip ANGLE OF ATTACK AND TOTAL SOUND 









0 7.2 52.1 
2.5 5.6 52.7 
5.0 4.0 52.0 
8.2.4 Influence of Wind Speed on Predicted Noise 
Levels 
Increasing wind speed has a similar effect to reducing pitch angle, except 
turbulence, and therefore inflow turbulence noise, is also increased. The results 
of these comparisons are shown in Figure 6-13, and summarised below: 
Inflow turbulence noise is predicted to increase at all frequencies uniformly with 
wind speed. 
Separated flow noise increases strongly with wind speed, and the peak frequency 
moves to lower values. In addition, more high frequency noise (above 2kHz) is 
generated in high winds. 
Neither the maximum intensity nor the peak frequency of trailing edge bluntness 
noise are affected by increasing wind speed. However, the spectrum alters, 
showing a decrease in noise just before the peak frequency as the wind speed 
increases. This would appear to conflict with the measurements of noise from the 
V 17/75, in which it was found that a broad band noise 'hump' shifted to higher 
frequencies as the wind increased. 
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8.2.5 Influence of Chord on Predicted Noise Levels 
Chord length is predicted to have much less effect on noise than either tip speed 
or wind speed, and most noise mechanisms are unaffected by chord (see 
Figure 6-14. However, both the intensity and the peak frequency of trailing edge 
bluntness are predicted to vary with the chord, the peak frequency decreasing 
with increasing chord, while the SPL increases. Experimental evidence for this is 
difficult to come by; for reasons of power production, no designer would change 
the chord distribution of a blade without altering the twist profile at the same 
time. 
8.3 Comparsions of Predicted and 
Experimental Noise Levels 
The results of comparison of predictions with experiment and with predictions 
made using the Glegg code are summarised below. 
The A-weighted predictions from both codes are similar, with an average error of 
1.ldB(A)(Glegg) and -0.8dB(A)(Edinburgh). 
Linearly weighted sound pressure levels were more accurately predicted by the 
new code, the average discrepancies between prediction and experiment being 
4.1 dB(Lin) and -0.9 dB(Lin) for the Glegg and current codes respectively. 
The error is affected by tip speed; for medium to high tip speed turbines, Glegg's 
code appears to overestimate noise at frequencies <400 Hz, and at frequencies 
>4 kHz, while the Edinburgh code is in general more accurate at these 
frequencies. For low tip speeds (<50 m/s), the new code underestimates noise 
emission at all frequencies. 
Following on from point [3], and comparing predictions to the findings of 8.1.3, it 
can be seen that both codes overestimate the sensitivity of high frequencies to 
tip speed. This may be due to the comparatively low Reynolds numbers used by 
Brooks et al. or to the fact that Strouhal number is not a perfect scaling 
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quantity, as at high velocities, noise at high Strouhal numbers drops off rapidly, 
or alternatively, it may be due to the effects of radial flow on a full-size rotor. 
The peak due to trailing edge noise is not always predicted at the correct 
frequency. This may be due to an inaccurate estimate of the bluntness or the 
trailing edge angle, which may not be exactly as specified; some of the 
manufacturers were unable to provide this data. However, recent experimental 
measurements on full scale turbines by Andersen et al. [10] indicates that trailing 
edge bluntness noise may be less important than has previously been assumed. 
The Glegg code does not predict a peak due to trailing edge bluntness noise. 
The tip noise prediction appears to suggest that this is not an important noise 
source. However, experimental work by Antoniou et ad. [4] indicates that 
altering the tip shape can have a significant effect on noise. The model used in 
the program is derived from measurements taken in a wind tunnel using a short 
blade span. Since the degree of tip loss depends on the lift distribution of the 
whole blade, the code could be improved by use of measurements from a full 
scale wind turbine. 
Preliminary tests indicated that bluntness noise from aerofoils with trailing edge 
angles between 5 and lOdeg is badly overestimated. The Brooks model is based 
on data from flat plates, which have a trailing edge angle of Odeg, and NACA 
0012 aerofoils, which have an angle of l4deg. This value has been used in all 
results reported in this thesis. 
It is not known to what degree the measured results were affected by 
broadband mechanical noise, although generally, this is thought to affect low tip 
speed turbines the most. It would be instructive to compare predictions for 
newer 'quiet' turbines with anechoically lined nacelles. 
There are a number of areas where the code developed for this thesis could 
be improved. 
1. The dependence of high frequency noise (3.15-8kHz) on tip speed should be 
reassessed, looking carefully at the collapse of data at high Strouhal numbers. In 
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addition, tests should be carried out to determine whether high frequency noise 
is affected by radial flow on the blades. 
More detailed experimental tests concerning the influence of aerofoil design on 
noise should be considered. 
The tip noise prediction appears to undestimate the importance of this noise 
source, and could be improved, as further experimental data becomes available, 
The stall-noise calculation could be expanded to angles of attack in excess of 
25deg (this is likely to be of importance for stall regulated turbines in high winds 
only). 
8.4 Overall Summary 
Measurements have been made on several full-scale HAWT's in the field, under a 
range of representative conditions, adding to the experimental data base. The 
experiments included new tests to determine the influence of blade incidence on 
noise levels. 	 - 
A comprehensive comparison of rotor noise data has been made for a range 
of HAWT's. The findings of these comparisons differ from theory,and indicate 
that low frequency noise is more sensitive to tip speed than high frequency noise. 
It is hoped that the comparison method may be used again by other researchers 
on new data. 
A rotor noise prediction code has been written, which is applicable to any 
HAWT under any reasonable operating conditions. The code incorporates 
accurate modelling of the rotor aerodynamics, and demonstrates an improved 
level of spectral prediction. 
A better understanding of the short-comings of rotor noise theory has been 
reached, and some recommendations for future research made. 
Comparison of predictions with experiment and with predictions made using 
the Clegg code indicate that: 
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the A-weighted predictions from both codes are similar, with an average error of 
1.1dB(A) (Glegg) and -0.8 dB(A) (Edinburgh) 
linearly weighted sound pressure levels were more accurately predicted by the 
new code, the average discrepancies between prediction and experiment being 
4.1 dB(Lin) and -0.9 dB(Lin) for the Glegg and current codes respectively 
the error is affected by tip speed; for medium to high tip speed turbines, Glegg's 
code appears to overestimate noise at frequencies <400 Hz, and at frequencies 
>4kHz, while the Edinburgh code is more accurate at these frequencies, while, 
for low tip speeds, the code developed for this thesis appears to underestimate 
noise emission at all frequencies, 
the peak due to trailing edge noise is not always predicted at the right frequency. 
This may be due to an inaccurate estimate of the bluntness or the trailing edge 
angle, which may not be exactly as specified; some of the manufacturers were 
unable to provide this data. However, recent experimental measurements on full 
scale turbines by Andersen et al. [10} indicates that trailing edge bluntness noise 
mat be less important than has previously been assumed. The Glegg code does 
not predict a peak due to trailing edge bluntness noise. 
It is not known to what degree the measured results were affected by 
broadband mechanical noise, although generally, this is thought to affect low tip 
speed turbines the most. It would be instructive to compare predictions for 
newer 'quiet' turbines with anechoically lined nacelles. 
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APPENDIX TO THESIS 
This section gives details of the noise prediction program described in chapter 6. The 
majority of the calculations are empirical, and come directly from the NASA prediction 
code (Brooks, Pope and Marcolini, Airfoil Self-Noise and Prediction', NASA ref 1218, 
1989), but the inflow turbulence noise calculation has been developed separately for 
this thesis. 
The full prediction code is 4500 lines long, and so it has not been attempted to give full 
details of every calculation, and the reader requiring further information is referred to 
the NASA report mentioned above. The calculation has the following steps: 
Calculation of local values of a, U 0 (net airflow on the blade), chord (c) and span 
(L) for each section of the blade, which is performed using the aerodynamic 
subroutine. The routine is iterative, and has not been reproduced here. 
Distance and directional angles (r, 0, ej from each blade segment to the 
observer are calculated. For simplicity, only one blade position has been shown 
in the following calculation, namely, with the blade pointing vertically upwards. 
Calculation of boundary layer parameters as follows: boundary layer thicknesses 
on pressure and suction sides of the aerofoil (J, 6), and displacement thickness 
on pressure and suction sides (C. Cj. 
Directionality fuctions for high and low frequencies (D h and D). 
Turbulent Boundary Layer Trailing Edge Noise (TBLTE) calculation; the peak 
Strouhal number for noise emission is calculated from the velocity and boundary 
layer parameters, and a shape parameter A is used to describe the noise at 
other Strouhal numbers. 
Seprated flow noise; the same principle applies, but the peak Strouhal number 
and shape factors are different, and more strongly dependent on the angle of 
attack. 
Bluntness noise; the peak Srouhal number in this case is as function of the 
trailing edge bluntness, rather than the boundary layer parameters. Correction 
factors are given assuming a solid angle at the trailing edge of 14 degrees; the 
NASA code includes an interpolation function for solid angles between 0 and 14 
degrees, but this was not verified, and appeared to give unrealistic results, so 
has been omitted here. 
Tip Noise; the Strouhal number is a function of the extent of the separated flow 
region at the tip, which is determined by the local angle of attack. 
Inflow Turbulence Noise; a constant turbulence of 15% of the free wind velocity 
has been assumed. The change in pressure coefficient with the gust is 
modelled, and the aerofoil response function to different gust frequencies 
calculated. 
The calculation is repeated for each blade, and for 10 degree steps in blade position. 
The final values quoted are averages over the rotor position. 
1.0 COORDINATE ROUTINE 
Changes from observer based coordinates to blade based coordinates, which are then 
used in directivity factors. 
The final coordinates are defined as shown in Figure 1 (taken from p107, NASA report). 
1.2 	Directionality Functions 
The directionality functions for low and high frequencies are as follows: 
1.2.1 	High Frequencies 
ag = 0.017453 
M0 = 0.8M 	 (1) 
or = 0x6 
40, = 4,x8 9 
2 sin(0/2)2 sin(s)2 
(2) 
(1 +McosO) (1 +(M-M)0os(0) 2) 
1.2.2 	Low Frequencies 
D 
= (sine,. sin4,) 	
(3) 
(1 + Mo0se)4 
2.0 CALCULATION OF BOUNDARY LAYER PARAMETERS 
The parameters of importance are: 
60 	= boundary layer thickness at zero angle of attack 
= pressure side boundary layer thickness at angle a 
= displacement thickness at zero angle of attack 
= pressure side displacement thickness at angle a 
= suction side displacement thickness at angle a. 
2 
80 = 0.6 0 1 0
(- 1 .6569 -  0.945LOGRC + 0.0596LOGR9 	(4) 
op _ - 801 o(-0.04175a 0 0 -0.04175 + 0.00106u 2) 	 (5) 
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7.5°<a:~ 12.5° 	(8) 
12.5° <cc :g25° 
3 
3.0 TBLTE NOISE 
The equations for TBLTE noise emission at an observer situated at a distance r and at 
angles e and q are: 
	
 




SPL, = 10L04 6SMWh + Al!! _____ 	 (10) 
r2 	S; ) 
where: 
L 	= 	span of blade element 
= high frequency directionality function, a function of e and (P. 
St 	= 	Strouhal number, with suffixes s and p for pressure and suction sides, 
and 1 to denote the peak Strouhal number for TBLTE noise. 
The Strouhal numbers for pressure and suction sides of the aerofoil in an airflow U. and 
at frequency f are defined as follows: 
S . 




The peak Strouhal Number for TBLTE noise is relatively insensitive to air velocity and 
4 
4.0 
is given by: 
= 0.02 M°8 
	
(13) 
The parameter A is found by interpolating from Figure 2; except at the blade root, the 
high Reynolds number figure is appropriate. The values of K, and AK are given by: 
-4.31LOG(R) + 156.3 	Re <2.47x1O 
K1 = -9.0 LOG(R) + 181.6 	2.47x105 !~ A0 :5 8x10 	 (14) 
	
128.5 	 8.0x105  < 
A!4 
 [
ta (1 .4SLOG(A6 .-5.29) 	A,. ~50O01 	
(15) 
0 	 A5 .>5000 
SEPARATED FLOW NOISE 
Separated flow noise at the observer is given by: 
SPL, = 10L04 6
8 M I..Dh 
+ 	+ 	 (16) 
The peak Strouhal number St2 is given by: 
5.0 
1 	1 	ct<1.330 	1 
St2 = S4 x I1 00.0o_1)2 	1.33° ~ a<12.5° 	 (17) 
	
4.72 	 a>12.50 j 
The values of B and "2  are interpolated from Figures 3 and 4. 
TRAILING EDGE BLUNTNESS VORTEX SHEDDING NOISE 
The equation for bluntness noise imission is: 
SPLMJ_ = 




llI 	I ( 	r 	,J 	löatiu 	J 96wJ' Ot,,fl) 
where: 





= [a + 0.235(4h) -0.0132(4h)2) 	 I 	(20) 
I 0. 1 (h'm+0 .095-0 .00243w 	hId c 0.2 j 
where h is the trailing edge bluntness espressed as a fraction of the chord, 
ds6' 	 (21) 
and 6,' is the average of 6 and 6,'. The parameter G. is found by interpolating from 
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Figures 5 and 6. 
TIP NOISE 
Tip noise is emitted only from the final segment of the blade. The sound pressure level 
at the observer, for a square tip, is given as: 
M2M px3/2D"l 
SPLS = 10 L014 	 - 30.5(LOG St+0.3)2 ± 126 	(22)
1.2 
where / is the spanwise extent of the separated flow reion caused by the tip vortex, 
and St" is the tip Strouhal number. I is given by: 
/ 	
0.0230 + 0.01 69cc 5 	 0 K as < 2 	 (23) 
- - 0.0378 + 0.0095cc5 	 a5 > 2 
and St.. by: 
UMM 
Finally, Um.,<  and Mmax  are given by: 
M. = M (1 + 0.036 a,,,) 




7.0 DETAILS OF ROTOR USED FOR DEMONSTRATION CALCULATION 
No. of Blades 3 
Rotor Radius 13.0 m 
Rotational Speed 41.5 rpm 
Bluntness as fraction of Chord 0.0085 
Hub Height 30.0 m 
Tower Diameter 3.0 m 
Rotor / Tower Clearance 1.5 m 
Rotor Coning Angle 0.0 degrees 
Rotor Collective Pitch Angle -0.5 degrees 
No. of Blade Segments 30 
Observer Distance 	 50 m 
Observer Position Directly Downwind 
Wind Speed at Hub Height 	8 ms' 
The calculation does not take account of ground effects, i.e. uncorrected noise 
measurements made on a hard board at this observer position would be expected to be 
6 dB(A) higher than the predicted values quoted here. 
TABLE 1 
CHORD AND TWIST DISTRIBUTION OF ROTOR 
Blade Radius (m) Chord (m) Twist Angle (degrees) 
2.5407 1.4688 19.8167 
2.9013 1.4377 19.1333 
3.2620 1.4065 18.4500 
3.6227 1.3753 17.7667 
3.9833 1.3442 17.0833 
4.3440 1.3130 16.4000 
4.7047 1.2818 15.7167 
5.0653 1.2507 15.0333 
5.4260 1.2195 14.3500 
5.7867 1.1883 13.6667 
6.1473 1.1572 12.9833 
6.5080 1.1260 12.3000 
6.8687 1.0948 11.6167 
7.2293 1.0637 10.9333 
7.5900 1.0325 10.2500 
7.9507 1.0013 9.5667 
8.3113 0.9702 8.8833 
8.6720 0.9390 8.2000 
9.0327 0.9078 7.5167 
9.3933 0.8767 6.8333 
9.7540 0.8455 	. 6.1500 
10.1147 0.8143 5.4667 
10.4753 0.7832 4.7833 
10.8360 0.7520 4.1000 
11.1967 0.7208 3.4167 
11.5573 0.6897 2.7333 
11.9180 0.6585 2.0500 
12.2787 0.6273 1.3667 
12.6393 0.5962 0.6833 
13.0000 0.5650 0.0000 
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8.0 AEROFOIL DETAILS 
Leading edge radius, as a function of blade chord = 0.297. The aerofoil pressure 
coefficient is integrated over the region of the aerofoil for which flow is attached, and 
shown, as a function of angle of attack, in figure 7. 
TABLE 2 
DETAILS OF THE LIFT AND DRAG COEFFICIENTS FOR THE AEROFOIL USED 
Angle of Attack 
(degrees) 
C1  CD 
-18 -1.20 0.032 
-16 -1.20 0.032 
-14 -1.20 0.032 
-12 4.15 0.032 
-10 -1.1 0.024 
-8 -0.92 0.018 
-6 -0.55 0.008 
-4 -0.32 0.0067 
-2 -0.06 0.0062 
0 0.2 0.0062 
2 0.4 0.0065 
4 0.6 00007 
6 0.78 0.0072 
8 1.05 0.012 
10 1.15 0.017 
12 1.16 0.018 
14 1.17 0.018 
16 1.17 0.018 
18 1.17 0.018 
20 1.16 0.410 
25 1.15 0.575 
30 0.955 0.736 
35 1.036 0.890 
40 1.086 1.036 
45 1.103 1.171 
50 1.086 1.297 
55 1.036 1.411 
60 0.955 1.511 
65 0.845 1.597 
70 0.709 1.670 
75 0.551 1.726 
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8.0 TBLTE PRESSURE SIDE CALCULATION 
The steps in the calculation are as follows: 
STEP 1 = 8*MSD ,L 	 (26) 
STEP 2 = STEP 1 	 (27) 




1—Pl+lç-3 	 (29) 4 
TABLE 3 























Calculation Steps for TBLTE Noise (Pressure Side) 
Third 
Octave 
A(St/ St ' ) Step 1 
Band (Hz)  
Step 2 Step 3 SPLP I 
dB(Lin) 
100 -14.459 5.81e-08 1.34e-11 -108.745 2.296034 
125 -12.4313 5.81e-08 1.34e-11 -108.745 4.323734 
160 -10.3569 5.81e-08 1.34e-11 -108.745 6.398184 
200 -8.60644 5.81e-08 1.34e-11 -108.745 8.148593 
250 1 	-6.94808 5.81e-08 1.34e-11 -108.745 9.806957 
315 -5.30033 5.81e-08 1.34e-11 -108.745 11.4547 
400 -3.6417 5.81e-08 1.34e-11 -108.745 13.11333 
500 -2.10074 5.81e-08 1.34e-11 -108.745 14.6543 
630 -0.56769 5.81e-08 1.34e-11 -108.745 16.18734 
800 -0.00047 5.81e-08 1.34e-11 -108.745 16.75457 
1k -0.55687 5.81e-08 1.34e-11 -108.745 16.19816 
1.25k -2.03091 5.81e-08 1.34e-11 -108.745 14.72413 
1.6k -3.73565 5.81e-08 1.34e-11 -108.745 13.01938 
2k • -5.28529 5.81e-08 1.34e-11 -108.745 11.46974 
2.5k -6.87469 5.81e-08 1.34e-11 -108.745 9.880341 
3.15k -8.59011 5.81e-08 1.34e-11 -108.745 8.164923 
4k -10.4671 5.81e-08 1.34e-11 -108.745 6.287924 
5k -12.3431 5.81e-08 1.34e-11 -108.745 4.411974 
6.3k -14.4388 5.81e-08 1.34e-11 -108.745 2.316284 
8k -16.7981 5.81e-08 1.34e-11 -108.745 -0.04308 
10k -19.2066 5.81e-08 1.34e-11 -108.745 -2.45159 
12.5k -21.8389 5.81e-08 1.34e-11 -108.745 -5.08387 
16k -25.0425 5.81e-08 1.34e-11 -108.745 -8.28744 
20k -28.2295 5.81e-08 1.34e- 11 -108.745 -11.4745 
25k -31.7196 5.81e-08 1.34e-11 1 	-108.745  1 	-14.9646 
31.5k -35.6809 5.81e-08 1.34e-11 -108.745 -18.9258 
40k -40.176 5.81e-08 1.34e-11 -108.745 -23.421 
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10.0 TBLTE SUCTION SIDE 
The steps in this calculation are as follows: 
STEP  = 6;M5DhL 
STEP 2 = STEP I 
F2 
STEPS = 10 LOGlO (STEP 2) 
SPLP = STEP  + 	+ IC - ks;) 
TABLE 5 
















Calculation Steps for TBLTE Noise (Suction Side) 
Third 
Octave 
A (St. / St 1 ) 
Band (Hz)  
Step 1 Step 2 Step 3 SPLS 
100 -6.688 1.57e-07 3.60e-11 -104.431 14.38067 
125 -5.104 1.57e-07 3.60e-11 -104.431 15.96467 
160 -3.393 1.57e-07 3.60e-11 -104.431 17.67567 
200 -1.852 1.57e-07 3.60e-11 -104.431 19.21667 
250 -0.435 1.57e-07 3.60e-11 -104.431 20.63367 
315 -0.007 1.57e-07 3.60e-11 -104.431 1 	21.06167 
400 -0.754 1.57e-07 360e-11 -104.431 20.31467 
500 -2.279 1.57e-07 3.60e-11 -104.431 18.78967 
630 -3.875 1.57e-07 3.60e-11 -104.431 17.19367 
800 -5.538 1.57e-07 3.60e-11 -104.431 15.53067 
1k -7.136 1.57e-07 3.60e-11 -104.431 13.93267 
1.25k -8.804 1.57e-07 3.60e-11 -104.431 12.26467 
1.6k -10.761 1.57e-07 3.60e-11 -104.431 10.30767 
2k -12.658 1.57e-07 3.60e-11 -104.431 8.410672 
2.5k -14.704 1.57e-07 3.60e-11 -104.431 1 	6.364672 
3.15k -17.008 1.57e-07 3.60e-11 -104.431 4.060672 
4k -19.615 1.57e-07 3.60e-11 -104.431 1.453672 
5k -22.286 1.57e-07 3.60e-11 -104.431 -1.21733 
6.3k -25.319 1.57e-07 3.60e-11 -104.431 -4.25033 
8k -28.771 1.57e-07 3.60e-11 -104.431 -7.70233 
10k -32.312 1.57e-07 3.60e-11 -104.431 -11.2433 
12.5k -36.186 1.57e-07 3.60e-11 -104.431 -15.1173 
16k -40.89 1.57e-07 3.60e-11 -104.431 -19.8213 
20k -45.548 1.57e-07 3.60e-11 -104.431 1 	-24.4793 
25k -50.617 1.57e-07 3.60e-11 -104.431 -29.5483 
31.5k -56.329 1.57e-07 I 	3.60e-11 -104.431 -35.2603 
40k -62.756 1.57e-07 3.60e-11 -104.431 -41.6873 
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11.0 SEPARATED FLOW CALCULATION 
The steps in the calculation are as follows: 
STEP 1 = 6S'M5DhL 	 (34) 
STEP 2 = STEP 1 	 (35) 
r2 
STEP 3 = 10 LOGW (STEP 2) 	 (36) 
SPLP=STEP3+-) ~ c 	 (37) 
TABLE 7 
















Calculation Steps for Separated Flow Noise 
Third 
Octave 
bb Step 1 
Band (Hz)  
Step 2 Step 3 SPLa / 
dB(Lin) 
100 -16.733 1.57e-07 3.60e-11 -104.431 6.345672 
125 -11.908 1.57e-07 3.60e-11 -104.431 11.17067 
160 -7.75 1.57e-07 3.60e-11 -104.431 15.32867 
200 -4.58 1.57e-07 3.60e-11 -104.431 18.49867 
250 -1.544 1.57e-07 3.60e-11 -104.431 21.53467 
315 -0.007 1.57e-07 3.60e-11 -104.431 23.07167 
400 -1.145 1.57e-07 3.60e-11 -104.431 21.93367 
500 -4.175 1.57e-07 3.60e-11 -104.431 1 	18.90367 
630 -7.424 1.57e-07 3.60e-11 -104.431 15.65467 
800 -11.351 1.57e-07 3.60e-11 -104.431 11.72767 
1000 -16.014 1.57e-07 3.60e-11 -104.431 7.064672 
1250 -22.086 1.57e-07 3.60e-11 1 	-104.431 0.992672 
1600 -30.977 1.57e-07 3.60e-11 -104.431 -7.89833 
2000 -41.458 1.57e-07 3.60e-11 -104.431 -18.3793 
2500 -54:715 1.57e-07 3.60e-11 -104.431 -31.6363 
3150 -71.842 1.57e-07 3.60e-11 -104.431 -48.7633 
4000 -93.69 1.57e-07 3.60e-11 1 	-104.431 -70.6113 
5000 -118.375 1.57e-07 3.60e-11 -104.431 -95.2963 
6300 -148.778 1.57e-07 3.60e-11 -104.431 -125.699 
8000 -185.889 1.57e-07 3.60e-11 -104.431 -162.81 
10000 -226.246 1.57e-07 3.60e-11 -104.431 -203.167 
12500 -272.551 1.57e-07 3.60e-11 -104.431 -249.472 
16000 -331.238 1.57e-07 3.60e-11 -104.431 -308.159 
20000 -391.51 1.57e-07 3.60e-11 -104.431 -368.431 
25000 -459.096 1.57e-07 3.60e-11 -104.431 -436.017 
31500 -537.276 1.57e-07 3.60e-11 1 	-104.431 -514.197 
40000 -627.349 1.57e-07 3.60e-11 1 	-104.431 -604.27 
16 
12.0 BLUNTNESS NOISE 
The steps in the calculation are as follows: 
STEP 1 = h M5-51),L 	 (38) 
STEP 2 = STEP 	 (39) 
STEP  = 10 LOGlO (STEP 2) 	 (40) 
SPL,,= STEP 3+G'_h 
	h ___ 
'I, 	 (41) 
o) Stpflk) av* 
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TABLE 9 















G4 	 1.41e+02 















G5 Step 1 Step 2 Step 3 SPL IUnt 
100 -1.13e+02 3.36e-08 7.73015e-12 -111.118118 -83.6694 
125 -1.02e+02 3.36e-08 7.73015e-12 -111.118118 -72.2353 
160 -8.99e+01 3.36e-08 7.73015e-12 -111.118118 -59.5859 
200 -7.75e+01 3.36e-08 7.73015e-12 -111.118118 -48.1519 
250 -6.61e+01 3.36e-08 7.73015e-12 -111.118118 -36.7175 
315 -5.43e+01 3.36e-08 7.73015e-12 -111.118118 -24.8754 
400 -4.20e+01 3.36e-08 7.73015e-12 -111.118118 -12.6343 
500 -3.06e+01 3.36e-08 7.73015e-12 -111.118118 -1.20022 
630 -1.88e+01 3.36e-08 7.73015e-12 -111.118118 10.64217 
800 -6.51e+00 3.36e-08 7.73015e-12 -111.118118 22.88323 
1k -2.82e-01 3.36e-08 7.73015e-12 -111.118118 29.11564 
1.25k -1.43e+01 3.36e-08 7.73015e-12 -111.118118 15.14021 
1.6k -3.09e-i-01 3.36e-08 7.73015e-12 -111.118118 -1.53556 
2k -4.60e+01 3.36e-08 7.73015e-12 -111.118118 -16.6092 
2.5k -6.11 e + 01 3.36e-08 7.73015e-12 -111.118118 -31.6829 
3.15k -7.67e+01 3.36e-08 7.73015e-12 -111.118118 -47.2948 
4k -9.28e+01 3.36e-08 7.73015e-12 -111.118118 -63.4323 
5k -1.08e+02 3.36e-08 7.73015e-12 -111.118118 -78.5060 
6.3k -1.24e+02 3.36e-08 7.73015e-12 -111.118118 -94.1179 
8k -1.40e+02 3.36e-08 7.73015e-12 -111.118118 -110.255 
10k -1.55e+02 3.36e-08 7.73015e-12 -111.118118 -125.329 
12.5k -1.70e+02 3.36e-08 7.73015e-12 -111.118118 -140.403 
16k -1.86e+02 3.36e-08 7.73015e-1 2 -111.118118 -157.079 
20k -2.02e+02 3.36e-08 7.73015e-12 -111.118118 -172.152 
25k -2.17e+02 3.36e-08 7.73015e-12 -111.118118 1 	-187.226 
31.5k -2.32e+02 3.36e-08 7.73015e-12 -111.118118 -202.838 
40k -2.48e+02 3.36e-08 I 	7.73015e-12 -111.118118 1 	-218.975 
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13.0 TIP NOISE CALCULATION 
The steps in this calculation are as follows: 
STEP  =  
F2 
STEP 2 = LOG1O St7 
STEP 3 = 30.5 (S7-EP2+0.3)2 
SPLP = 126 - STEM + STEM 
TABLE 11 


















St Step 1 Step 2 Step 3 SPLIP 
100 0.069222711 -100.263 -1.15975 22.54476 3.191841 
125 0.086528391 -100.263 -1.06284 17.74877 7.987829 
160 0.1107563 -100.263 -0.95563 13.11051 12.62609 
200 0.1384454 -100.263 -0.85872 9.521175 16.21543 
250 0.1730568 -100.263 -0.76181 6.504726 19.23188 
315 0.2180516 -100.263 -0.66144 3.984502 1 	21.7521 
400 0.2768908 -100.263 -0.55769 2.025349 23.71125 
500 0.3461136 -100.263 -0.46078 0.788444 24.94816 
630 0.4361031 -100.263 -0.36041 0.111309 25.62529 
800 0.5537817 -100.263 -0.25666 0.057286 25.67932 
1k 0.6922271 -100.263 -0.15975 0.599925 25.13668 
1.25k 0.8652839 -100.263 -0.06284 1.715448 24.02115 
1.6k 1.107563 -100.263 0.044368 3.616983 22.11962 
2k 1.384454 -100.263 0.141279 5.939166 19.79744 
2.5k 1.730568 -100.263 0.238189 8.834235 16.90237 
3.15k 2.180516 -100.263 0.338559 12.43662 13.29998 
4k 2.768909 -100.263 0.442309 16.80618 8.930425 
5k 3.461136 -100.263 0.539219 21.48078 4.255818 
6.3k 4.361031 -100.263 0.639589 26.92625 -1.18965 
8k 5.537817 -100.263 0.743339 33.20094 -7.46434 
10k 6.922271 -100.263 0.840249 39.65509 -13.9185 
12.5k 8.652839 -100.263 0.937159 46.68212 -20.9455 
16k 11.07563 -100.263 1.044368 55.12346 -29.3869 
20k 13.84454 -100.263 1.1.41279 63.35716 -37.6206 
25k 17.30568 -100.263 1.238189 72.16374 -46.4271 
31.5k 1 	21.80515 1 	-100.263 1 	1.338559 81.88871 -56.1521 
40k 1 	27.68909 1 	-100.263 1 	1.442309 92.58701 -66.8504 
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14.0 INFLOW SUBROUTINE 
14.1 Calculation Steps 
The change in aerofoil pressure coefficient, integrated over the fraction of the chord for 
which the flow is attached, is found by interpolating from Figure 7. 
STEP  = 
ôa 
	 (46) 
Step 2 gives the change in pressure with time as the aerofoil encounters a gust. Note 
that a) an integration over all chordwise eddies has been performed, giving rise to the 
factor U 1120 , and b) the factor 180/n has been included to convert STEP 1 to its value 
in radians. 
STEP  = STEP lxO.5p1J0112 	 (47) 
In Step 3, the Fourier factor and length of the blade element are included. 
STEP  = (STEP 2)2  L2  _1_ 	 (4$) 
2m 
Step 4 gives the turbulence intensity per Hz, where w2 is the turbulence intensity: 
4w2_k 2 
= 9TC k02 (1 +k' 
(49) 
The value of e j summed over all directions, I is 1.357 (see Glegg et at.), and k and k, 
are given as follows: 
= (1.34 L,,) -' 	 (50) 
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k-   
- k, V0 
(51) 
Step 5 is the turbulence intensity per bandwidth of emitted sound, i.e. per third octave 
band. 
STEP 5 = STEP 4xAw 	 (52) 
STEP 6 is the response function of the aerofoil to the gust, and depends on the 
frequency, as perceived by the blade. 
UO 





- 	 bIaS0llm 
- 
where Wiim  is given by: 
7tLJ0(1-M) 	 (54) 
)uim 
= 	2cM 
Step 7 results from integrating over one cycle of the gust: 
STEP 7 = 	 ( 55) 
The distance function is given by: 
distf= 	1 	 (56) 
(4itrc0)2 
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The sound pressure intensity in Pa at the observer is given by: 
P.= STEP  x STEP  x STEP  x STEP  x DISTF 	 (57) 
Step 8 is the ratio of this value to the standard acoustic pressure intensity (20 pPa) 2 . 
STEP  = 	a ) 
4x 	
(58) 
10_b 0 ) 
Finally, the sound pressure level at the observer is given by: 
SPLThPa = 10 LOG 10 (STEP 8) 	 (59) 
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TABLE 13 







Fourier Factor 0.15915494 
Turbulence Intensity (w 2 ) 1.44 
Turbulence scale factor 134 
(ks) 
Response Function 867.49 
Frequency Limit 
distance function. 1.25599e-1 1 
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TABLE 14 
Calculation Steps for Inflow Turbulence Noise 
STEP 1 	0.042503 
STEP 2 10.4701 
STEP 3 	2.27 
THIRD OCTAVE 
BAND 
GUST LIMIT BANDWIDTH STEP 4 STEP 5 STEP 6 STEP 7 STEP 8 SPLINFLOW  
dB(Lin) 
100 0.5760867 145.4934 1.81e-05 2.63e-03 4.05e-02 3.95e+05 299.7652 24.76781 
125 0.4608693 181.8668 9.96e-06 1.81e-03 3.24e-02 6.17e+05 258.3339 24.12181 
160 0.3600542 232.7895 5.16e-06 1.20e-03 1.77e-02 1.01e+06 153.274 21.85469 
200 0.2880433 290.9869 2.84e-06 8.27e-04 1.13e-02 1.58e+06 105.6717 20.23959 
250 0.2304347 363.7336 1.57e-06 5.70e-04 7.25e-03 2.47e+06 72.85316 18.62448 
315 0.1828847 458.3044 8.47e-07 3.88e-04 4.57e-03 3.92e+06 49.56451 16.95171 
400 0.1440217 581.9738 4.48e-07 2.61e-04 2.83e-03 6.32e+06 33.28602 15.22262 
500 0.1152173 727.4672 2.47e-07 1.80e-04 1.81e-03 9.87e+06 22.94836 13.60752 
630 0.0914423 916.6087 1.33e-07 1.22e-04 1.14e-03 1.57e+07 15.61262 11.93476 
800 0.072011 1163.95 7.05e-08 8.21e-05 7.08e-04 2.53e+07 10.48508 10.20572 
1k 0.0576098 1454.934 3.89e-08 5.66e-05 4.53e-04 3.95e+07 7.228561 8.590518 




GUST LIMIT BANDWIDTH STEP 4 STEP 5 STEP 6 STEP 7 STEP 8 SPLINFLOW 
dB(Lin) 
1.6k 0.0360054 2327.895 1.11e-08 2.59e-05 1.77e-04 1.01e+08 3.302683 5.188669 
2k 0.0288043 2909.869 6.13e-09 1.78e-05 1.13e-04 1.58e+08 2.276955 3.573545 
2.5k 0.0230435 3637.336 3.38e-09 1.23e-05 7.25e-05 2.47e+08 1.569776 1.958376 
3.15k 0.0182885 4583.044 1.82e-09 8.36e-06 4.57e-05 3.92e+08 1.067977 0.285619 
4k 0.0144022 5819.738 9.65e-10 5.62e-06 2.83e-05 6.32e+08 0.717176 -1.44374 
5k 0.0115217 7274.672 5.32e-10 3.87e-06 1.81e-05 9.87e+08 0.494457 -3.05871 
6.3k 0.0091442 9166.088 2.87e-10 2.63e-06 1.14e-05 1.57e+09 0.336326 -4.7324 
8k 0.0072011 11639.48 1.52e-10 1.77e-06 7.08e-06 2.53e+09 0.225804 -6.46268 
10k 0.005761 14549.34 8.38e-11 1.22e-06 4.53e-06 3.95e+09 0.155714 -8.07672 
12.5k 0.0046087 18186.68 4.62e-11 8.40e-07 2.90e-06 6.17e+09 0.107309 -9.69364 
16k 0.003601 23278.95 2.39e-11 5.56e-07 1.77e-06 1.01e+ 10 0.071056 -11.484 
20k 0.002880 29098.69 1.32e-11 3.84e-07 1.13e-06 1.58e+10 0.049055 -13.0931 
25k 0.002304 36373.36 7.20e-12 2.62e-07 7.25e-07 2.47e+10 0.033447 -14.7564 
The above calculations are repeated for every blade element (except tip noise, which is emitted from the final segment only) and for 10 
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